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8.1 Overview

In hadron colliders b-flavored hadrons are produced with a large boost. Therefore they are a
fertile ground for measurements of decay time distributions. The neutral B and BY mesons
mix with their antiparticles, which leads to oscillations between the flavor eigenstates. A
measurement of the oscillation frequency allows to determine the mass difference Am,,
q = d, s, between the two physical mass eigenstates. The rapid oscillations in B? — B?
mixing have not been resolved yet and their discovery has a high priority for the B physics
program at Run II. Once this has been achieved, the mass difference Am will be known very
precisely. By combining this information with the already measured Amg one will precisely
determine the length of one side of the unitarity triangle.Amg/Ams will have a larger
impact on our knowledge of the unitarity triangle than any previously measured quantity
and even than a precisely measured sin(23). Accurately measured decay distributions will
further reveal the pattern of b-hadron lifetimes. The large mass of the b quark compared
to the QCD scale parameter Agcp allows to expand the widths in terms of Agep/my.
Differences among the total widths are dominated by terms of order 167%(Agcp/myp)?, the
measurements of lifetime differences therefore probe the heavy quark expansion at the third
order in the expansion parameter. From Run II we expect valuable new information on the
lifetimes of the B+, BY and B? mesons, the width difference AT’y between the two physical
B, meson eigenstates the lifetimes of the A and eventually also of other b-flavored baryons.

From the current experimental situation it is not clear whether the heavy quark expansion
can be applied to baryon lifetimes, and Run IT data will help to settle this question.

This chapter first discusses the theory predictions for the various quantities in great de-
tail. Where possible, we derive simple ‘pocket-calculator’ formulae to facilitate the analysis
of the measurements. It is described which fundamental information can be gained from the
various measurements. Some quantities are sensitive to physics beyond the Standard Model
and we show how they are affected by new physics. Then we summarize the experimental
techniques and present the results of the Monte Carlo simulations.

331



332 CHAPTER 8. MIXING AND LIFETIMES

8.2 Theory of heavy hadron lifetimes |

The dominant weak decays of hadrons containing a heavy quark, ¢ or b, are caused by the
decay of the heavy quark. In the limit of a very large mass mg of a heavy quark @) the
parton picture of the hadron decay should set in, where the inclusive decay rates of hadrons,
containing ), mesons (Qg) and baryons (Qqq), are all the same and equal to the inclusive
decay rate I'porion(Q) of the heavy quark. Yet, the known inclusive decay rates [1] are
conspicuously different for different hadrons, especially for charmed hadrons, whose lifetimes
span a range of more than one order of magnitude from the shortest 7(€2.) = 0.064 £ 0.020
ps to the longest 7(D1) = 1.05740.015 ps, while the differences of lifetime among b hadrons
are substantially smaller. The relation between the relative lifetime differences for charmed
and b hadrons reflects the fact that the dependence of the inclusive decay rates on the light
quark-gluon ‘environment’ in a particular hadron is a pre-asymptotic effect in the parameter
mq, which effect vanishes as an inverse power of m¢ at large mass.

A theoretical framework for systematic description of the leading at mg — oo term in
the inclusive decay rate I'pgrion(Q) m% as well as of the terms relatively suppressed by
inverse powers of mg is provided [2-4] by the operator product expansion (OPE) in mél.
Existing theoretical predictions for inclusive weak decay rates are in a reasonable agreement,
within the expected range of uncertainty, with the data on lifetimes of charmed particles and
with the so far available data on decays of B mesons. The only outstanding piece of present
experimental data is on the lifetime of the A, baryon: 7(Ay)/7(Bg) ~ 0.8, for which ratio a
theoretical prediction, given all the uncertainty involved, is unlikely to produce a number
lower than 0.9. The number of available predictions for inclusive decay rates of charmed
and b hadrons is sufficiently large for future experimental studies to firmly establish the
validity status of the OPE based theory of heavy hadron decays, and, in particular, to find
out whether the present contradiction between the theory and the data on 7(Ay)/7(By) is
a temporary difficulty, or an evidence of fundamental flaws in theoretical understanding.

It is a matter of common knowledge that application of OPE to decays of charmed
and b hadrons has potentially two caveats. One is that the OPE is used in the Minkowski
kinematical domain, and therefore relies on the assumption of quark-hadron duality at
the energies involved in the corresponding decays. In other words, it is assumed that
sufficiently many exclusive hadronic channels contribute to the inclusive rate, so that the
accidentals of the low-energy resonance structure do not affect the total rates of the inclusive
processes. Theoretical attempts at understanding the onset of the quark-hadron duality are
so far limited to model estimates [5,6], not yet suitable for direct quantitative evaluation
of possible deviation from duality in charm and b decays. This point presents the most
fundamental uncertainty of the OPE based approach, and presently can only be clarified by
confronting theoretical predictions with experimental data. The second possible caveat in
applying the OPE technique to inclusive charm decays is that the mass of the charm quark,
m., may be insufficiently large for significant suppression of higher terms of the expansion
in m_!. The relative lightness of the charm quark, however, accounts for a qualitative, and
even semi-quantitative, agreement of the OPE based predictions with the observed large
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8.2. THEORY OF HEAVY HADRON LIFETIMES 333

spread of the lifetimes of charmed hadrons: the nonperturbative effects, formally suppressed
by m_;2 and m 3 are comparable with the ‘leading’ parton term and describe the hierarchy
of the lifetimes.

Another uncertainty of a technical nature arises from poor knowledge of matrix elements
of certain quark operators over hadron, arising as terms in OPE. These can be estimated
within theoretical models, with inevitable ensuing model dependence, or, where possible,
extracted from the experimental data. With these reservations spelled out, we discuss here
the OPE based description of inclusive weak decays of charm and b hadrons, with emphasis
on specific experimentally testable predictions, and on the measurements, which would less
rely on model dependence of the estimates of the matrix elements, thus allowing to probe
the OPE predictions at a fundamental level.

8.2.1 OPE for inclusive weak decay rates

The optical theorem of the scattering theory relates the total decay rate I'y of a hadron Hg
containing a heavy quark ) to the imaginary part of the ‘forward scattering amplitude’. For
the case of weak decays the latter amplitude is described by the following effective operator

Lesp = 2Im [z’/d4xeiq$T{LW(:p),LW(0)} : (8.1)

in terms of which the total decay rate is given by!
I'g = (Hq| Lesy [Hq) - (8.2)

The correlator in equation (8.1) in general is a non-local operator. However at ¢* = mé the

dominating space-time intervals in the integral are of order mél and one can expand the
correlator in z, thus producing an expansion in inverse powers of mg. The leading term in
this expansion describes the parton decay rate of the quark. For instance, the term in the
nonleptonic weak Lagrangian v2 G V(@174 Q1) (@217, g31.) With V being the appropriate
combination of the CKM mixing factors, generates through Eq. (8.1) the leading term in
the effective Lagrangian

G2 m? _
Ly = VP (QQ) (8.3)
where 7,,; is the perturbative QCD radiative correction factor. This expression reproduces
the well known formula for the inclusive nonleptonic decay rate of a heavy quark, as-
sociated with the underlying process () — ¢i1 ¢2@5, due to the relation (HQ|§Q|HQ> ~
(Hg|QTQ|Hg) = 1, which is valid up to corrections of order mzf. One also sees form this
example, that in order to separate individual semi-inclusive decay channels, e.g., nonlep-
tonic with specific flavor quantum numbers, or semileptonic, one should simply pick up the
corresponding relevant part of the weak Lagrangian Ly, describing the underlying process,
to include in the correlator (8.1).

!We use here the non-relativistic normalization for the heavy quark states: (Q|QTQ|Q) = 1.
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Figure 8.1: Graphs for three first terms in OPE for inclusive decay rates: the
parton term, the chromomagnetic interaction, and the four-quark term.

The general expression for first three terms in the OPE for L.; has the form

Lepy = Lg})f + Lng)f + Lg})f (8.4)
G2 G2 m3 _ m
_ .(0) FQ v Q
~ ¢ T4 2 (QQ) +e s (@G Q) Zc (@1iq:)(QL}Q),

where the superscripts denote the power of mél in the relative suppression of the corre-
sponding term in the expansion with respect to the leading one, G, is the gluon field
tensor, ¢; stand for light quarks, u, d, s, and, finally, T';, ', denote spin and color structures
of the four-quark operators. The coefficients ¢(* depend on the specific part of the weak
interaction Lagrangian Ly, describing the relevant underlying quark process.

One can notice the absence in the expansion (8.5) of a term suppressed by just one
power of mél, due to non-existence of operators of suitable dimension. Thus the decay

rates receive no correction of relative order mél in the limit of large mg, and the first

pre-asymptotic corrections appear only in the order mzf.

The mechanisms giving rise to the three discussed terms in OPE are shown in Fig-
ure 8.1. The first, leading term corresponds to the parton decay, and does not depend
on the light quark and gluon ‘environment’ of the heavy quark in a hadron. The second
term describes the effect on the decay rate of the gluon field that a heavy quark ‘sees’ in a
hadron. This term in fact is sensitive only to the chromomagnetic part of the gluon field,
and contains the operator of the interaction of heavy quark chromomagnetic moment with
the chromomagnetic field. Thus this term depends on the spin of the heavy quark, but does
not depend on the flavors of the light quarks or antiquarks. Therefore this effect does not
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8.2. THEORY OF HEAVY HADRON LIFETIMES 335

split the inclusive decay rates within flavor SU(3) multiplets of heavy hadrons, but gener-
ally gives difference of the rates, say, between mesons and baryons. The dependence on the
light quark flavor arises from the third term in the expansion (8.5) which explicitly contains
light quark fields. Historically, this part is interpreted in terms of two mechanisms [2,8,9]:
the weak scattering (WS) and the Pauli interference (PI). The WS corresponds to a cross-
channel of the underlying decay, generically ) — ¢1 ¢2q3, where either the quark g3 is a
spectator in a baryon and can undergo a weak scattering off the heavy quark: g3 Q@ — q1 ¢o,
or an antiquark in meson, say g;, weak-scatters (annihilates) in the process §; Q@ — ¢2Gs.
The Pauli interference effect arises when one of the final (anti)quarks in the decay of @
is identical to the spectator (anti)quark in the hadron, so that an interference of identical
particles should be taken into account. The latter interference can be either constructive or
destructive, depending on the relative spin-color arrangement of the (anti)quark produced
in the decay and of the spectator one, thus the sign of the PI effect is found only as a result
of specific dynamical calculation. In specific calculations, however, WS and PI arise from
the same terms in OPE, depending on the hadron discussed, and technically there is no
need to resort to the traditional terminology of WS and PI.

In what follows we discuss separately the effects of the three terms in the expansion
(8.5) and their interpretation within the existing and future data.

8.2.2 The parton decay rate

The leading term in the OPE amounts to the perturbative expression for the decay rate of
a heavy quark. In b hadrons the contribution of the subsequent terms in OPE is at the level
of few percent, so that the perturbative part can be confronted with the data in its own
right. In particular, for the By meson the higher terms in OPE contribute only about 1%
of the total nonleptonic as well as of the semileptonic decay rate. Thus the data on these
rates can be directly compared with the leading perturbative term in OPE.

The principal theoretical topic, associated with this term is the calculation of QCD
radiative corrections, i.e. of the factor 7, in Eq. (8.3) and of a similar factor, n,;, for
semileptonic decays. It should be noted, that even at this, perturbative, level there is a
known long-standing problem between the existing data and the theory in that the current
world average for the semileptonic branching ratio for the B mesons, By (B) = 10.45+0.21%,
is somewhat lower than the value By (B) > 11.5 preferred from the present knowledge of
theoretical QCD radiative corrections to the ratio of nonleptonic to semileptonic decay rates
(see, e.g., [10]). However, this apparent discrepancy may in fact be due to insufficient ‘depth’
of perturbative QCD calculation of the ratio 7,;/ns. In order to briefly elaborate on this
point, we notice that the standard way of analyzing the perturbative radiative corrections in
the nonleptonic decays is through the renormalization group (RG) summation of the leading
log terms and the first next-to-leading terms [11,12] in the parameter L = In(my /my). For
the semileptonic decays the logarithmic dependence on myy /m; is absent in all orders due to
the weak current conservation at momenta larger than my, thus the correction is calculated
by the standard perturbative technique, and a complete expression in the first order in
a; is available both for the total rate [13,14] and for the lepton spectrum [15]. In reality
however the parameter L = 2.8 is not large, and non-logarithmic terms may well compete
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336 CHAPTER 8. MIXING AND LIFETIMES

with the logarithmic ones. This behavior is already seen from the known expression for the
logarithmic terms: when expanded up to the order o2 the result of Ref. [16] for the rate of
decays with single final charmed quark takes the form

I'(b — cad) +T'(b — cus)
3T(b — cev)

2
¥ % e (T2 0o
—1+ 2 S {4L + (6 + 3c(mc/mb)> L] . (85)

where, in terms of notation of Ref. [16], c(a) = ¢22(a) — c12(a). The behavior of the function
c(a) is known explicitly [16] and is quite weak: c(0) =19/2, ¢(1) = 6, and c(mZ/m?) =~ 9.0
for the realistic mass ratio m./my = 0.3. One can see that the term with the single logarithm
L contributes about two thirds of that with L? in the term quadratic in «s. Under such
circumstances the RG summation of the terms with powers of L does not look satisfactory
for numerical estimates of the QCD effects, at least at the so far considered level of the first
next-to-leading order terms, and the next-to-next-to-leading terms can be equally important
as the two known ones, which would eliminate the existing impasse between the theory and
the data on By (B). One can present some arguments [17] that this is indeed the case for
the b quark decay, although a complete calculation of these corrections is still unavailable.

8.2.3 Chromomagnetic and time dilation effects in decay rates

The corrections suppressed by two powers of mél to inclusive decay rates arise from two
sources [7]: the O(méZ) corrections to the matrix element of the leading operator, (QQ, and
the second term in OPE (8.5) containing the chromomagnetic interaction. The expression
for the matrix element of the leading operator with the correction included is written in the
form

2(Hq) — pg(Hg)

A K
H Hg)=1- .
(HolQQIHo) TR (5.6)
where 2 and ,u_?] are defined as
1z = (HolQ (iD)* Q|Hq),
-1
M?] = <HQ|Q §Uu GMVQ|HQ>3 (87)

with D being the QCD covariant derivative. The correction in equation (8.6) in fact corre-
sponds to the time dilation factor mqg/FEq, for the heavy quark decaying inside a hadron,
where it has energy Eg, which energy is contributed by the kinetic part (< p2) and the
chromomagnetic part (oc “3)' The second term in OPE describes the effect of the chromo-
magnetic interaction in the decay process, and is also expressed through ,ug.

The explicit formulas for the decay rates, including the effects up to the order mgf are
found in [7] and for decays of the b hadrons read as follows. For the semileptonic decay rate

Val? GEmy - py (v d
() = LI g (1425 (20 20) | ne 0,0, (89
b
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and for the nonleptonic decay rate

|Vcb| GFmb

Fnl(Hb) 64 73

(Hy|bb| Hp) {

2
+ ,ug (x d 2)] Nt I () —8712%12(33)} :
b

2 dz
(8.9)
These formulas take into account only the dominant CKM mixing V., and neglect the
small one, V,;,. The following notation is also used: =z = m./my, Iy(z,y,z) stands for
the kinematical suppression factor in a three-body weak decay due to masses of the final
fermions. In particular,

Io(,0,0) = (1 — z*)(1 — 82% + z!) =242 Inz, (8.10)

1++vV1—4g2
Ip(z,2,0) = (1 —142%2 —22* —12¢%)vV1 - 422+ 241 — ) In————_.

Furthermore, I(z) = Iy(z,0,0) + Iy(x,z,0), and

1 1+V1—42?
I:Jc:1—x23+<1+—x2+3x4>\/1—4x2 (1 -22%1n :
Finally, the QCD radiative correction factor 7o in Eq. (8.9) is known in the leading logarith-
mic approximation and is expressed in terms of the well known coefficients Cy and C_ in
the renormalization of the nonleptonic weak interaction: ny = (C% (mp) — C2(m;))/6 with

r/b , (8.11)

C-(n) =C%(n) = [%

and b is the coefficient in the QCD beta function. The value of b relevant to b decays is
b=23/3.

Numerically, for = 0.3, the expressions for the decay rates can be written as

(2 (Hy) — g (Hp) o 6:U‘g(Hb)
2m} m? ’

cati =1 (1~

2 2 2

piz(Hy) — pig(Hy) prg (Hp)
Ly (Hy) = TPt (1 — ZF 9 —1.0-2 8.12
nl( b) nl ( 2mg mg ) ( )

where ['P%10" ig the perturbation theory value of the corresponding decay rate of b quark.

The matrix elements p2 and “3 are related to the spectroscopic formula for a heavy
hadron mass M,

pz(Ho) — p2(Hg)

M(Hp) = A(H
(Hq) =mq + A(Hg) + g

... (8.13)

Being combined with the spin counting for pseudoscalar and vector mesons, this formula
allows to find the value of M; in pseudoscalar mesons from the mass splitting:

3
uy(B) = (Ml%.* - Mg.) ~ 0.36 GeV2. (8.14)
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The value of p2 for B mesons is less certain. It is constrained by the inequality [18],
p2(Hg) > ug(HQ), and there are theoretical estimates from the QCD sum rules [19]:
p2(B) = 0.54 £ 0.12GeV? and from an analysis of spectroscopy of heavy hadrons [20]:
p2(B) = 0.3 £0.2GeV?2. In any event, the discussed corrections are rather small for b
hadrons, given that M; /m? = 0.015. The largest, in relative terms, effect of these corrections
in B meson decays is on the semileptonic decay rate, where it amounts to 4 — 5 % suppression
of the rate, which rate however is only a moderate fraction of the total width. In the
dominant nonleptonic decay rate the effect is smaller, and, according to the formula (8.12)
amounts to about 1.5 — 2 %.

The effect of the méQ corrections can be evaluated with a somewhat better certainty for
the ratio of the decay rates of A, and B mesons. This is due to the fact that ug(Ab) =0,
since there is no correlation of the spin of the heavy quark in A, with the light component,
having overall quantum numbers J = 0F. Then, applying the formula (8.12) to B and A,,
we find for the ratio of the (dominant) nonleptonic decay rates:

Tri(Ap) 12 (Ay) — p2(B) 115(B)
- L =1-7 s 0.5 . 8.15
T'n(B) 2mg + mg ( )

The difference of the kinetic terms, 2 (Ay)—pu2(B), can be estimated from the mass formula:

2myp me [—

12 (Ay) — p2(B) = M(B) — M(D) — M(A,) + M(AC)] =040.04GeV?, (8.16)

My — Mc
where M is the spin-averaged mass of the mesons, e.g., M (B) = (M (B) +3M (B*))/4. The
estimated difference of the kinetic terms is remarkably small. Thus the effect in the ratio of
the decay rates essentially reduces to the chromomagnetic term, which is also rather small
and accounts for less than 1% difference of the rates. For the ratio of the semileptonic decay
rates the chromomagnetic term is approximately four times larger, but then the contribution
of the semileptonic rates to the total width is rather small. Thus one concludes that the
terms of order m;Q in the OPE expansion for the decay rates can account only for about
1% difference of the lifetimes of Ay and the B mesons.

The significance of the mgf terms is substantially different for the decay rates of charmed
hadrons, where these effects suppress the inclusive decays of the D mesons by about 40%
with respect to those of the charmed hyperons in a reasonable agreement with the observed
pattern of the lifetimes.

It should be emphasized once again that the mzf effects do not depend on the flavors
of the spectator quarks or antiquarks. Thus the explanation of the variety of the inclusive
decay rates within the flavor SU (3) multiplets, observed for charmed hadrons and expected
for the b ones, has to be sought among the mgf terms.

8.2.4 Lg})f Coefficients and operators

Although the third term in the expansion (8.5) is formally suppressed by an extra power of
mél, its effects are comparable to, or even larger than the effects of the second term. This
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is due to the fact that the diagrams determining the third term (see Fig. 8.1) contain a two-
body phase space, while the first two terms involve a three-body phase space. This brings in
a numerical enhancement factor, typically 472. The enhanced numerical significance of the
third term in OPE, generally, does not signal a poor convergence of the expansion in inverse
heavy quark mass for decays of b, and even charmed, hadrons the numerical enhancement
factor is a one time occurrence in the series, and there is no reason for similar ‘anomalous’
enhancement among the higher terms in the expansion.

Here we first present the expressions for the relevant parts of LS})f for decays of b

and ¢ hadrons in the form of four-quark operators and then proceed to a discussion of
hadronic matrix elements and the effects in specific inclusive decay rates. The consideration
of the effects in decays of charmed hadrons is interesting in its own right, and leads to
new predictions to be tested experimentally, and is also important for understanding the
magnitude of the involved matrix elements using the existing data on charm decays.

We start with considering the term Lgc)f in b hadron nonleptonic decays, LS}’;?M, induced

by the underlying processes b — cud, b — c¢s, b — cus, and b — c¢d. Unlike the case
of three-body decay, the kinematical difference between the two-body states c¢ and cu,
involved in calculation of LS}’}IZ,)M is of the order of m?/m? ~ 0.1 and is rather small. At
present level of accuracy in discussing this term in OPE, one can safely neglect the effect

of finite charmed quark mass®. In this approximation the expression for Lgc’;?nl reads as [4]

L(?’vb) |‘/Cb

B = |2 CET {él (BT ) (AT wa) + G (BT ) (L")

_ 9_ - 2_
+ Cs5 (bL',b + gb%ﬁf)b) @l'uq) + Co (biL' by + gbﬂu%bk)(?kru%)
R (70— 1) [2 (C3 — C?) (BT ut"b) 41

N ~ o 9_
~ (503 + G2 —6C, O )t + Shyrst™D) jg] } , (8.17)

where the notation (gT'q) = (dT'd) + (3T s) is used, the indices i, k are the color triplet
ones, 'y = v, (1 — 75), and j; = uy,tu + dvy,t%d + 3v,t%s is the color current of the
light quarks with ¢* = \*/2 being the generators of the color SU(3). The notation C.,
is used as shorthand for the short-distance renormalization coefficients Cy(p) at p = my:
Cy = C1(myp). The expression (8.17) is written in the leading logarithmic approximation
for the QCD radiative effects in a low normalization point x such that u < m; (but still, at
least formally, o > Agcp). For such p there arises so called ‘hybrid’ renormalization [22],
depending on the factor & = ay(u)/as(my). The coefficients Cq with A = 1,...,6 in
Eq. (8.17) have the following explicit expressions in terms of C. and &:

- - - 1 - -
C,=C2+C%+ S0 K12)(C2 — C?),

Co = K12 (C? - C?),

2The full expression for a finite charmed quark mass can be found in [21]
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Gs =3 :(a 0P 4 (- R+ C eaa): ,

Gy =~ w1 (507 + C2 460,01 ),

Gs =3 :(a FOP 4 (1= R (5C + 2 - 66*+C*): ,

Gy = —3 w1 (507 + C2 60,0 ). (8.18)

The expression for the CKM dominant semileptonic decays of b hadrons, associated with
the elementary process b — cfv does not look to be of an immediate interest. The reason
is that this process is intrinsically symmetric under the flavor SU(3), and one expects no
significant splitting of the semileptonic decay rates within SU(3) multiplets of the b hadrons.
The only possible effect of this term, arising through a penguin-like mechanism can be in
a small overall shift of semileptonic decay rates between B mesons and baryons. However,
these effects are quite suppressed and are believed to be even smaller than the ones arising
form the discussed m;Z terms.

For charm decays there is a larger, than for b hadrons, variety of effects associated
with Lg})f that can be studied experimentally, and we present here the relevant parts of
the effective Lagrangian. For the CKM dominant nonleptonic decays of charm, originating

from the quark process ¢ — sud, the discussed term in OPE has the form

= G2 m? — -
LGAG9 = aostg, T2 {01 (€T0) (AT ud) + Cs (2T ) (dT )

2 2
+ C3 (el'ye + gE’Yu%C) (3Tus) + Cy (@l ek + gfi’)’u%ck)(gkpusi) (8.19)

2 2
+ Cs (el e + 55%&750) (@l yu) + Cs (€T uex + gEiW%Ck)(ﬂkFuui)

1 2
bR (1) {2 (C3 — C2) (@tc) jo — (5C2 + C2) (Tt + sennsi®e) jg] } ,

where, 6. is the Cabibbo angle, and the coefficients without the tilde are given by the same
expressions as above for the b decays (i.e., those with tilde) with the replacement m;, — m..
The part of the notation in the superscript AC = AS points to the selection rule for the
dominant CKM unsuppressed nonleptonic decays. One can rather realistically envisage
however a future study of inclusive rates for the once CKM suppressed decays of charmed
hadrons?, satisfying the selection rule AS = 0 and associated with the quark processes
¢ = dus and ¢ — dud. The corresponding part of the effective Lagrangian for these
processes reads as

3Even if the inclusive rate of these decays is not to be separated experimentally, they contribute about
10% of the total decay rate, and it is worthwhile to include their contribution in the balance of the total
width.
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LAS= . G2 m? _ _ _ _
Lg}f’ o 0) = cos? 0, sin?0, —L ¢ {01 (€Tue) (@ ug) + Co (6T uer) (@I wai)
2 2
+ O3 (el'ye + 55%0/50) (@uq) + Ca (@& per, + gfﬂu%%)(%ruqz') (8.20)

2 2
+2C5 (el e + 55%750) (@lyu) +2C6 (¢ ey, + gfﬂu%ck)(ﬂkruui)

2 2
-+§Mﬂofw9—n{ﬂoﬁ—obafﬂ%ng—@oi+obﬁfﬂ%+§am%ﬂ@ﬁ]}

where again the notation (gI'q) = (dT'd) + (5T s) is used.

The semileptonic decays of charm, the CKM dominant, associated with ¢ — sfv, and
the CKM suppressed, originating from ¢ — s £ v, contribute to the semileptonic decay rate,
which certainly can be measured experimentally. The expression for the part of the effective
Lagrangian, describing the mzf terms in these decays is [17,24,25]

3) GEm?

2 2
Leff7 9= "o { cos’ 0, {Ll (elye + gE’)’u’)’g)C) (3T ys) + Lo (6T e + gﬁnﬂ'yg,ck)(ﬁkf‘”si)

. . 2 _ ) 92 _
+sin%6, | I, (elpc + gc'yu%c)(dFud) + Ly (€' yer + gci'}’u’)%ck)(dkpudi)

2
—2kY2 (k729 — 1) (@0 ut% + 567M75tac)jZ} , (8.21)

with the coefficients L1 and Lo found as

Ly = (kY2 —1), Ly=-3x"2. (8.22)

8.2.5 Effects of Lg)f in mesons

The expressions for the terms in Lg})f still leave us with the problem of evaluating the matrix
elements of the four-quark operators over heavy hadrons in order to calculate the effects
in the decay rates according to the formula (8.2). In doing so only few conclusions can be
drawn in a reasonably model independent way, i.e., without resorting to evaluation of the
matrix elements using specific ideas about the dynamics of quarks inside hadrons. The most
straightforward prediction can in fact be found for b hadrons. Namely, one can notice that
the operator (8.17) is symmetric under the flavor U spin (an SU(2) subgroup of the flavor
SU(3), which mixes s and d quarks). This is a direct consequence of neglecting the small
kinematical effect of the charmed quark mass. However the usual (in)accuracy of the flavor
SU(3) symmetry is likely to be a more limiting factor for the accuracy of this symmetry,
than the corrections of order m?/m?. Modulo this reservation the immediate prediction
from this symmetry is the degeneracy of inclusive decay rates within U spin doublets:

D(Ba) =T(By), TI(Ay) =T(5y), (8.23)

where T'(B;) stands for the average rate over the two eigenstates of the B; — B oscillations.

The data on decay rates of the cascade hyperon Eg are not yet available, while the currently
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measured lifetimes of B; and By are within less than 2% from one another. Theoretically,
the difference of the lifetimes, associated with possible violation of the SU(3) symmetry
and with breaking of the U symmetry of the effective Lagrangian (8.17), is expected to not
exceed about 1%.

For the non-vanishing matrix elements of four-quark operators over pseudoscalar mesons
one traditionally starts with the factorization formula and parameterizes possible deviation
from factorization in terms of ‘bag constants’. Within the normalization convention adopted
here the relations used in this parameterization read as

_ 1
(Posl(@uq) (@LuQ)|Poq) = 5 fp Mp B,

(Parl (@T4Q) 0| Pag) = ¢ 3 Mp B (5.24)

where Ppg stands for pseudoscalar meson made of () and g, fp is the annihilation constant
for the meson, and B and B are bag constants. The parameters B and B generally depend
on the normalization point g for the operators, and this dependence is compensated by
the 1 dependence of the coefficients in Lg})f, so that the results for the physical decay
rate difference do not depend on y. If the normalization point p is chosen at the heavy
quark mass (i.e. p = my for B mesons, and g = m, for D mesons) the predictions for
the difference of total decay rates take a simple form in terms of the corresponding bag

constants (generally different between B and D):
G2 m3 f2
D(B*) - D(BY) = V2 225

T

2
~ —0.025 (200107]@6‘) ps !, (8.25)

(G% = C?) Blm) + 3 (C + C*) B(my)|

I'(D*) —T(D%) = cos* 6, % {(Ci — C?) B(m,) + % (C? +C2) B(mc)}

fD )2 -1
0.8 (200M€V ps (8.26)

where the numerical values are written in the approximation of exact factorization: B = 1,
and B = 1. Tt is seen from the numerical estimates that, even given all the theoretical
uncertainties, the presented approach is in reasonable agreement with the data on the
lifetimes of D and B mesons. In particular, this approach describes, at least qualitatively,
the strong suppression of the decay rate of D mesons relative to D°, the experimental
observation of which has in fact triggered in early 80-s the theoretical study of preasymptotic
in heavy quark mass effects in inclusive decay rates. For the B mesons the estimate (8.25) is
also in a reasonable agreement with the current data for the discussed difference (—0.043 £
0.017ps~1).
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8.2.6 Effects of Lg’c)f in baryons

The weakly decaying heavy hyperons, containing either c or b quark are: Ag ~ Qud, 38 )~

Qus, Eg) ~ Qds, and Qg ~ @Qss. The first three baryons form an SU(3) (anti)triplet. The
light diquark in all three is in the state with quantum numbers J = 07, so that there is no
correlation of the spin of the heavy quark with the light component of the baryon. On the
contrary, in g the two strange quarks form a JP = 1% state, and a correlation between
the spins of heavy and light quarks is present. The absence of spin correlation for the heavy
quark in the triplet of hyperons somewhat reduces the number of independent four-quark
operators, having nonvanishing diagonal matrix elements over these baryons. Indeed, the
operators entering Lg})f contain both vector and axial bilinear forms for the heavy quarks.
However the axial part requires a correlation of the heavy quark spin with that of a light
quark, and is thus vanishing for the hyperons in the triplet. Therefore only the structures
with vector currents are relevant for these hyperons. These structures are of the type
€y, ¢)(@vuq) and (€ vy ck)(Qr i gi) with ¢ being d, s or w. The flavor SU(3) symmetry
then allows to express, for each of the two color combinations, the matrix elements of three
different operators, corresponding to three flavors of ¢, over the baryons in the triplet in
terms of only two combinations: flavor octet and flavor singlet. Thus all effects of Lg})f in
the triplet of the baryons can be expressed in terms of four independent combinations of
matrix elements. These can be chosen in the following way:

o= (5 @@ @) - 57

= (5@ [G29) - @na)])

=)’
-Q

—(d
:é))_AQ

= (5 @i @) () ~ e es)] )

- <% (Qi v Q) [(Ek Vusi) — (d yudi)] >A : (8.27)

.:(u)
-Q

with the notation for the differences of the matrix elements: (O)4_p = (A|O|A) — (B|O|B),
for the flavor octet part and the matrix elements:

25 = 5 (Hal@ Q) (@) + @) + (5 )) 1FlQ)
1

3 (Hol(Q; vu Q) ((ﬂk Vo tii) + (divu di) + (SkYu si)) |Hp) (8.28)

Y

for the flavor singlet part, where Hg stands for any heavy hyperon in the (anti)triplet.

The initial, very approximate, theoretical estimates of the matrix elements [4] were
essentially based on a non-relativistic constituent quark model, where these matrix elements
are proportional to the density of a light quark at the location of the heavy one, i.e., in
terms of the wave function, proportional to |+4/(0)|?. Using then the same picture for the
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matrix elements over pseudoscalar mesons, relating the quantity |4/(0)|? to the annihilation
constant fp, and assuming that |¢(0)|? is approximately the same in baryons as in mesons,

one arrived at the estimate

fp Mp
12

Y=—IT=5I;=—Ys~ ~ 0.006 GeV?, (8.29)
where the sign relation between z and y is inferred from the color antisymmetry of the
constituent quark wave function for baryons. Since the constituent picture was believed
to be valid at distances of the order of the hadron size, the estimate (8.29) was applied
to the matrix elements in a low normalization point where ag(u) =~ 1. For the matrix
elements of the operators, containing s quarks over the Qg hyperon, this picture predicts
an enhancement factor due to the spin correlation:

(Ql(QTL Q)LL) = —(2l(Qi U Qr) 5k L' 50)1Q) = ? y (8.30)

Although these simple estimates allowed to correctly predict [4] the hierarchy of lifetimes of
charmed hadrons prior to establishing this hierarchy experimentally, they fail to quantita-
tively predict the differences of lifetimes of charmed baryons. We shall see that the available
data indicate that the color antisymmetry relation is badly broken, and the absolute value
of the matrix elements is larger, than the naive estimate (8.29), especially for the quantity
T.

It should be emphasized that in the heavy quark limit the matrix elements (8.27) and
(8.28) do not depend on the flavor of the heavy quark, provided that the same normalization
point p is used. Therefore, applying the OPE formulas to both charmed and b baryons,
one can extract the values for the matrix elements from available data on charmed hadrons,
and then make predictions for b baryons, as well as for other inclusive decay rates, e.g.,
semileptonic, for charmed hyperons.

The only data available so far, which would allow to extract the matrix elements, are on
the lifetimes of charmed hyperons. Therefore, one has to take into account several essential
types of inclusive decay, at least those that contribute to the total decay rate at the level
of about 10%. Here we first concentrate on the differences of the decay rates within the
SU(3) triplet of the hyperons, which will allow us to extract the non-singlet quantities z
and y, and then discuss the SU(3) singlet shifts of the rates.

The differences of the dominant Cabibbo unsuppressed nonleptonic decay rates are given
by

1,0 l 0 l 4 G% m;
nl,0 _ —
61 =T Rsac(Ee) —TRs—ac(Ac) = cos™ 0, 2

[(C5 = C3)z + (Cs — Cu) y] ,

2,2
5nl’0 = Fnl A Fnl =+) _ 4 0 GF me
5 =TRNs—ac(Ae) —=TRs—ac(ES) = cos™ O, ym

[(C3 = Ci)z+ (Cy— Ca)y] . (831)

The once Cabibbo suppressed decay rates of A. and ZF are equal, due to the AU = 0

C
property of the corresponding effective Lagrangian ng},)nl (Eq. (8.21)). Thus the only
difference for these decays in the baryon triplet is
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0" =T g—(E0) = TAs—p(A,)
2 2
Me [(2 Cs —Cy — C3) T+ (2 Cs — Cy — 04) y] . (832)

= cos® 0, sin’ ..

The dominant semileptonic decay rates are equal among the two =, baryons due to the
isotopic spin property Al = 0 of the corresponding interaction Lagrangian, thus there is
only one non-trivial splitting for these decays:

2

Ghm;
GO0 =1 e (Be) —T8g__(A) = —cos® 6, [Lix + Lay] . (8.33)

F m
127
Finally, the Cabibbo suppressed semileptonic decay rates are equal for A, and =Y, due to
the AV = 0 property of the corresponding interaction. Thus the only difference for these is

55[1_ A N 2 G%mg
FAS 0( ) FAS 0( )— sin 96 [L1$+L2y] . (834)

Using the relations (8.31)-(8.34) on can find expressions for two differences of the mea-
sured total decay rates, Ay = ['(2Y) — T'(A,) and Ay = T'(A,) — ['(ES), in terms of the
quantities z and y:

Al _ 5;”,0 + 5nl,1 + 2551,0

2 2 2
= GZ e cos? {(II [cos2 0 (Cs — C3) +sin’0 (2C5 — C, — C3) — 3 LI]
T
+y {cos2 0 (Cs —Cy) +sin?0(2Cs — Cy — Cy) — gLQ] } : (8.35)

and

Ay = 5711,0 . 5sl,0 + 255!,1
G’

2 .
= { [cos 0(Cs—Ch)+ 3 (cos? § — sin? 0) Ll]

2
+y {cos4 0(Cy—Co) + 3 (cos® @ — sin® 6) L2:| } . (8.36)

By comparing these relations with the data, one can extract the values of z and y. Using
the current data for the total decay rates: I'(A.) = 4.85 £0.28 ps~!, ['(E?) = 10.2 £ 2ps~!,
and the updated value [26] T'(Z}) = 3.0 £ 0.45ps !, we find for the ; independent matrix
element z

(8.37)

2
—(0.04 4+ 0.01) GeV?® (M> :

me
while the dependence of the thus extracted matrix element 4 on the normalization point
is shown in Fig. 8.2.%

*It should be noted that the curves at large values of &, k >~ 3, are shown only for illustrative purpose.
The coefficients in the OPE, leading to the equations (8.35,8.36), are purely perturbative. Thus, formally,
they correspond to as(p) <€ 1, ie., to K K 1/as(me) ~ (3 —4).
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-0.02}

-0. 04

Figure 8.2: The values of the extracted matrix elements x and y in GeV? vs. the
normalization point parameter £ = a;(u)/as(m.). The thick lines correspond to
the central value of the data on lifetimes of charmed baryons, and the thin lines
show the error corridors. The extracted values of z and y scale as m_? with the
assumed mass of the charmed quark, and the plots are shown for m. = 1.4 GeV.

Notably, the extracted values of x and y are in a drastic variance with the simplistic
constituent model: the color antisymmetry relation, z = —y, does not hold at any reasonable
i, and the absolute value of z is substantially enhanced®

Once the non-singlet matrix elements are determined, they can be used for predicting
differences of other inclusive decay rates within the triplet of charmed hyperons as well as
for the b baryons. Due to correlation of errors in z and y it makes more sense to express the
predictions directly in terms of the total decay rates of the charmed hyperons. The thus
arising relations between the rates do not depend on the normalization parameter y. In
this way one finds [28] for the difference of the Cabibbo dominant semileptonic decay rates
between either of the =, hyperons and A.:

Ta(Ze) — Dy(Ae) = 60 = 0.13 A1 — 0.065 Ay ~ 0.59 +0.32ps . (8.38)

When compared with the data on the total semileptonic decay rate of A., I'g(A:) = 0.22 +
0.08 ps— !, this prediction implies that the semileptonic decay rate of the charmed cascade
hyperons can be 2-3 times larger than that of A..

The predictions found in a similar way for the inclusive Cabibbo suppressed decay rates
are [28]: for nonleptonic decays

6"l = 0.082 A1 +0.054 Ay ~ 0.55 £0.22ps ! (8.39)
and for the semileptonic ones

5501 = tan?6, 60 ~ 0.030 £ 0.016 ps~" . (8.40)

5A similar, although with a smaller enhancement, behavior of the matrix elements was observed in a
recent preliminary lattice study [27].
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For the only difference of the inclusive rates in the triplet of b baryons, I'(Ay) — T'(E; ),
one finds an expression in terms of z and y, or alternatively, in terms of the differences A
and Ay between the charmed hyperons,

2 2 G mg ~ ~ ~ ~
L(As) = T(E, ) = cos 0. [Vao|” “E2 [(Cs = 1)z + (G — C) ] (8.41)
2
~ [V |? % (0.85 A1 + 0.91 Ag) ~ 0.015A; + 0.016 Ay ~ 0.11 £ 0.03ps~" .

(&
When compared with the data on the total decay rate of Ay this result predicts about 14%
longer lifetime of Z;" than that of A,.

The singlet matrix elements x5 and ys (cf. Eq. (8.28)) are related to the shift of the
average decay rate of the hyperons in the triplet:

Ty = % (P(Ag) +T(EY) + () - (8.42)

For the charmed baryons the shift of the dominant nonleptonic decay rate is given by [29]

nl

2,02
5(3’0)fc =cos*f ng:bc (C_2|_ +C?) KO8 (zs —3ys), (8.43)

while for the b baryons the corresponding expression reads as

2.2
o G my A

6(3)fb = Ve 3 (Cy — C—)2 RO/ (zs —3ys) - (8.44)
™

The combination z; — 3y, of the SU(3) singlet matrix elements cancels in the ratio of
the shifts for b hyperons and the charmed ones:

— |Vl m} (Cy —C)? [as(mc)r/lg B0 GOE (8.45)

ST, — my T, ~ 0.0025 5
® 7 costO m2 C?2 +C2  loag(mp) nt 000250,

(One can observe, with satisfaction, that the dependence on the unphysical parameter
cancels out, as it should.) This equation shows that relatively to the charmed baryons the
shift of the decay rates in the b baryon triplet is greatly suppressed by the ratio (CNUr —
C_)?%/ (C2 + C2), which parametrically is of the second order in a;, and numerically is only
about 0.12.

An estimate of §®) T, from Eq. (8.45) in absolute terms depends on evaluating the
(3,0)

A T, for charmed baryons. The latter shift can be conservatively bounded

from above by the average total decay rate of those baryons: 57(3’0)FC <T,=6.0+0.7ps™"',
which then yields, using Eq. (8.45), an upper bound §®)T, < 0.015 £ 0.002ps~*. More
realistically, one should subtract from the total average width ', the contribution of the
‘parton’ term, which can be estimated from the decay rate of Dy with account of the O(m, 2)
effects, as amounting to about 3ps~!. (One should also take into account the semileptonic
contribution to the total decay rates, which however is quite small at this level of accuracy).

Thus a realistic evaluation of §) T does not exceed 0.01 ps~", which constitutes only about

average shift
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1% of the total decay rate of A,. Thus the shift of the total decay rate of A, due to the effects
of L(:})f is dominantly associated with the SU(3) non-singlet difference (8.42). The shift of

e

the A, decay rate with respect to the average width T', due to the non-singlet operators is
one third of the splitting (8.42), i.e., about 5%. Adding to this the 1% shift of the average
width and another 1% difference from the meson decays due to the suppression of the latter
by the mb_2 chromomagnetic effects, one concludes that at the present level of theoretical
understanding it looks impossible to explain a more than 10% enhancement of the total
decay rate of A, relative to By, where an ample 3% margin is added for the uncertainties of
higher order terms in OPE as well as for higher order QCD radiative effects in the discussed
corrections. In other words, the expected pattern of the lifetimes of the b hyperons in the
triplet, relative to By, is

T(Eg) ~T7(Ap) <7(Bg) <71(5,), (8.46)

with the “best” theoretical estimate of the differences to be about 7% for each step of the
inequality.

For the double strange hyperons €. and €2, there is presently no better approach to
evaluating the four-quark matrix elements, than the use of simplistic relations, like (8.30)
based on constituent quark model. Such relations imply that the effects of the strange
quark, WS and PI, in the 2 baryons are significantly enhanced over the same effects in
the cascade hyperons. In charmed baryons a presence of strange spectator quark enhances
the decay through positive interference with the quark emerging from the ¢ — s transition
in the decay. For Q. this implies a significant enhancement of the total decay rate [4], which
is in perfect agreement with the data on the ). lifetime. Also a similar enhancement is
expected for the semileptonic decay rate of .. In b baryons, on the contrary, the interference
effect for a spectator strange quark is negative. Thus the nonleptonic decay rate of €2 is
expected to be suppressed, leaving €2, most probably the longest-living particle among the
b baryons.

8.2.7 Relation between spectator effects in baryons and
the decays =g — Agm

Rather unexpectedly, the problem of four-quark matrix elements over heavy hyperons is
related to decays of the type Zg — Agm. The mass difference between the charmed
cascade hyperons E. and A, is about 180 MeV. The expected analogous mass splitting for
the b hyperons should be very close to this number, since in the heavy quark limit

M(Zp) — M(Ay) = M(Z.) — M(A.) + O(m,? —m;?). (8.47)

Therefore in both cases are kinematically possible decays of the type Eg — Ag 7, in which
the heavy quark is not destroyed, and which are quite similar to decays of ordinary ‘light’
hyperons. Surprisingly, the rate of these decays for both =, and = is not insignificantly
small, but rather their branching fraction can reach a level of few per mill for =, and of one
percent or more for = [30].
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The transitions Zg — Ag 7 are induced by two underlying weak processes: the ‘specta-
tor’ decay of a strange quark, s — uud, which does not involve the heavy quark, and the
‘non-spectator’ weak scattering (WS)

sc—cd (8.48)

trough the weak interaction of the ¢ — d and s — ¢ currents. One can also readily see that
the WS mechanism contributes only to the decays =. — A, 7 and is not present in the decays
of the b cascade hyperons. An important starting point in considering these transitions is
that in the heavy quark limit the spin of the heavy quark completely decouples from the
spin of the light component of the baryon, and that the latter light component in both the
initial an the final baryons forms a J = 0% state with quantum numbers of a diquark.
Since the momentum transfer in the considered decays is small in comparison with the mass
of the heavy quark the spin of the amplitudes with spin flip of the heavy quark, and thus
of the baryon, are suppressed by mél. In terms of the two possible partial waves in the
decay Eg — Ag m, the S and P, this implies that the P wave is strongly suppressed and
the decays are dominated by the S wave.

According to the well known current algebra technique, the S wave amplitudes of pion
emission can be considered in the chiral limit at zero four-momentum of the pion, where they
are described by the PCAC reduction formula (pole terms are absent in these processes):

(hamty =) Hw|Z0) = % (Aol [@F. Hu] IZa). (5.49)

where ; is the pion triplet in the Cartesian notation, and @Q? is the corresponding isotopic
triplet of axial charges. The constant f, =~ 130 M eV, normalized by the charged pion decay,
is used here, hence the coefficient /2 in Eq. (8.49). The Hamiltonian Hy in Eq. (8.49) is
the nonleptonic strangeness-changing Hamiltonian:

Hy = V2 G cosf,sinb, {(C’+ +C-) [(ﬂL Yusn) (A yuur) — (@ vust) (dr Y cL)]

+(Cy = C2) [(dr v 1) (@ yuur) = (deyuse) (@ yuen)] | - (8.50)

In this formula the weak Hamiltonian is assumed to be normalized (in LLO) at 4 = m,.. The
terms in the Hamiltonian (8.50) without the charmed quark fields describe the ‘spectator’
nonleptonic decay of the strange quark, while those with the ¢ quark correspond to the WS
process (8.48).

It is straightforward to see from Eq. (8.49) that in the PCAC limit the discussed decays
should obey the AI = 1/2 rule. Indeed, the commutator of the weak Hamiltonian with the
axial charges transforms under the isotopic SU(2) in the same way as the Hamiltonian itself.
In other words, the AI = 1/2 part of Hyy after the commutation gives an AT = 1/2 operator,
while the AT = 3/2 part after the commutation gives an Al = 3/2 operator. The latter
operator however cannot have a non vanishing matrix element between an isotopic singlet,
Ag, and an isotopic doublet, Zg. Thus the AT = 3/2 part of Hy gives no contribution to
the S wave amplitudes in the PCAC limit.
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Once the isotopic properties of the decay amplitudes are fixed, one can concentrate
on specific charge decay channels, e.g., 5, — Ay 7~ and 2% — A.m~. An application of
the PCAC relation (8.49) with the Hamiltonian from Eq. (8.50) to these decays, gives the
expressions for the amplitudes at p = 0 in terms of baryonic matrix elements of four-quark

operators:
(Apm~(p=0) [Hw|E, ) (8.51)

- % G cosf.sinf. (Ay | (Cy + C) [(EL Yusn) (A yudr) — (Tr vy sz) (B vy UL)]

™

+ (€ = C) (@ usn) @ dn) = @y 50) (B )] 12,

2 . _ _
= f£ Gpcosf.sinf, (A, | C_ [(EL Yusr) (dryudr) — (dr vy st) (Tr vu dL)]

™

C

B % [(EL Yu sL) (EL Yu dr,) + (EL Yu sp) (Ur Yu dr) +2(ug Yu sp) (@r, Yu UL)] | E;> ’

where in the last transition the operator structure with AI = 3/2 giving a vanishing con-
tribution is removed and only the structures with explicitly AI = 1/2 are retained, and

- _ - V2 .
(Acm (p=0) |Hy| :2) =(Ay7m (p=0)|Hw|E,) + f_ G cos0,.sin0, (8.52)

™

% (A | (Cy + C) (@1 v 51) (Wr v cr) + (C — O) (@r, vy 51.) (@1 v e)| E2) -

In the latter formula the first term on the r.h.s. expresses the fact that in the heavy quark
limit the ‘spectator’ amplitudes do not depend on the flavor or the mass of the heavy quark.
The rest of the expression (8.53) describes the ‘non-spectator’ contribution to the amplitude
of the charmed hyperon decay. Using the flavor SU(3) symmetry the latter contribution
can be related to the non-singlet matrix elements (8.27) (normalized at p = m.) as

AA= (A (p=0)|Hw|E0) — (Apy 7 (p = 0) |[Hw | Z;)
_ GrcosBesinf,

(C-—Cy) o —(Ch+C) ). (8.53)

2V2 fr
Furthermore, with the help of the equations (8.35) and (8.36) relating the matrix elements x
and y to the differences of the total decay widths within the triplet of charmed hyperons, one
can eliminate x and y in favor of the measured width differences. The resulting expression
has the form

V2 7 cos b, sin b,

AA ~ —
GFmng

[0.45 (D) ~ D(A0)) +0.04 (D(A,) ~ D(ED))]

1.4GeV

me

= 1077 [0.97 (T(22) = I(Ac)) +0.09 (P(A,) — D(E))] < )2 ps,  (8.54)

where, clearly, in the latter form the widths are assumed to be expressed in ps—!, and

m, = 1.4GeV is used as a ‘reference’ value for the charmed quark mass. It is seen from
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Eq. (8.54) that the evaluation of the difference of the amplitudes within the discussed
approach is mostly sensitive to the difference of the decay rates of 20 and A., with only
very little sensitivity to the total decay width of 2. Using the current data the difference
AA is estimated as

AA=—(54+2)x 1077, (8.55)

with the uncertainty being dominated by the experimental error in the lifetime of Z0. An
amplitude A of the magnitude, given by the central value in Eq. (8.55) would produce a
decay rate ['(Zg — Ag ) = |A|? p=/(27) = 0.9 x 10'% s~ which result can also be written
in a form of triangle inequality

VIE, = A ) +/T(EL = Acm) > V0.9 x 101051 (8.56)

Although at present it is not possible to evaluate in a reasonably model independent
way the matrix element in Eq. (8.52) for the ‘spectator’ decay amplitude, the inequality
(8.56) shows that at least some of the discussed pion transitions should go at the level of
0.01 ps™!, similar to the rates of analogous decays of ‘light’ hyperons.

8.2.8 Summary on predictions for lifetimes

We summarize here specific predictions for the inclusive decay rates, which can be argued
with a certain degree of theoretical reliability, and which can be possibly experimentally
tested in the nearest future.

B mesons:

7(Bg)/7(Bs) =1 £0.01. (8.57)
Charmed hyperons:
La(Ze) = 2 -3)Ta(Ae)  TalQ) > Ta(E),
MRo=1(BH) » TRg- 1 (Ae), (8.58)
Ml (BY) —Tg__(Ar) = 0.55£0.22ps L.

b hyperons:
T(Zp) = 7(Ay) < 7(Ba) < 7(E;) < 7(),
I'(Ay) —T(E;) = 0.11£0.03ps 1, (8.59)

7(Ap)
7(Ba)

0.9 < <1.

Strangeness decays Zg — Ag m: The AI = 1/2 rule should hold in these decays, so that

F(Eg) — Agn™) = 2F(Eg) — Agm”). The rates are constrained by the triangle inequality
(8.56).
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8.3 Theory of B? — B° mixing '

In Sect. 1.3.2 the time evolution of the B~B system has been discussed. B® — B® mixing
involves three physical, rephasing-invariant quantities: |Miz|, |T'12| and the phase ¢ defined
in (1.62). In the following we will discuss how they are related to physical observables. The
discussed quantities are summarized in Table 8.1.

8.3.1 Mass difference

The mass difference Am can be measured from the tagged time evolutions in (1.73-1.77)
from any decay B’ — f, unless Ay = =£1, in which case the oscillatory terms vanish.
The time evolution is especially simple for flavor-specific decays, which are characterized
by Ay = 0. The corresponding formulae can be found in (1.79) and (1.80). Interesting
flavor-specific modes are tabulated in Table 8.4. Time integrated measurements determine
zq = Amg/Ty = Amytp,, ¢ = d, s, defined in (1.93). While unfortunately it is common
practice to quote measurements of Am, in terms of z,, it should be clear that the measured
oscillation frequencies determine Amg and Amg and not x4 and z;. Fundamental physics
quantities like CKM elements are related to Amg and Amy, so that the errors of the lifetimes
entering x, are irrelevant.

In order to predict the mass difference Am, within the Standard Model or one of its
extensions, one must first calculate the |A B| =2 transition amplitude, which triggers BY— B
mixing. The lowest order contribution to this amplitude in the Standard Model is the box
diagram in Fig. 1.2. Then one must match the result to an effective field theory, in which
the interactions mediated by heavy particles are described by local operators represented
by pointlike vertices. In the Standard Model only one operator, @ in (1.118), emerges.
This procedure separates short- and long-distance physics and is described in Sect. 1.5.1.
It results in the effective Hamiltonian in (1.117). The interesting short-distance physics
is contained in the Wilson coefficient C' in (1.119). New physics can modify C' and can
introduce new operators in addition to @ in (1.118). The Standard Model prediction is
readily obtained from (1.117) to (1.121):

0| 7|AB|=2|30 2 R 2
Amg = 2| MY| - [(By|H 1Byl _ Gg ng mp, Bp, 5, Miy S(E—é}) \thV{:,

mpg, 672

‘2
(8.60)
where ¢ = s or d.

Next we discuss the phenomenology of Amg in the Standard Model. We first insert
the numerical values of those quantities which are well-known into (8.60). The QCD factor
ng = 0.55 [31] corresponds to the MS scheme for m;. The MS value of m; = 167 GeV
is numerically smaller than the pole mass measured at the Tevatron by roughly 7 GeV.
Solving (8.60) for |V;4| one finds:

Amg 200 MeV 1.3
Vial = 0.0078 — . 8.61
Vil VoomT p |5 (8.61)
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observable defined in  SM prediction for
By in Bg in
Am ~ 2| M3 (1.64a) (8.60),(8.69)  (8.60),(8.65),(8.69)
¢ (1.62) (8.83) (8.83)
AT ~ 2|'j2| cos ¢ (1.64b) (8.87),(8.89)  (8.86),(8.87)
AFCP ~ 2|F12| (898)
ATfp =~ 2|Tya]cos? ¢ (8.113)
AT, = 2|1¢2215 | (8.133) (8.134)
a= ‘AFJ—IIZ‘ sin ¢ (1.65) (8.138) (8.138)

Table 8.1: Observables related to |Miz|, |T'12| and ¢ discussed in Sect. 8.3.

The relation of |V;4| to the improved Wolfenstein parameters is
Via| = ANR, (1 + (’)()\4)) = V| ARy (1 + O(X‘)) (8.62)

and
Ry =1/(1-p)*+7 (8.63)

is the length of one side of the unitarity triangle. Hence the measurement of Amgy defines
a circle in the (p,7) plane centered around (1,0). Yet the hadronic uncertainties associated

with fp d\/é B, obscure a clean extraction of |Vi4| and R; from the well-measured Amy.
The summer 2000 world averages from lattice calculations are fp, = (200 & 30) MeV and
Bp, = 1.3040.17 [32]. This gives |V;q| = 0.007840.0013 and, with |V.;| = (40.4+1.8)x 1073,
R; = 0.88 +0.15.

For the discussion of Amg we first note that the corresponding CKM element in (8.60)
is fixed from CKM unitarity:

Viel = Val [ 1432 (7= ) + 001 (8.64)

2

|Vis| is smaller than |V,,| by roughly 1%. Hence within the Standard Model a measurement
of Amg directly probes the calculation of the hadronic matrix element. (8.60) specifies to

|W5| st >2‘§Bs

Amg =172ps~ ! )
ms = 17.2ps <0.04 230MeV /) 1.3

(8.65)

This can be rewritten as

= Amg  0.04
Bp, = {| —— =247 MeV. 8.66
TB VB =\ Trgpe T 27 (509

The present 95% C.L. limit of Amg > 14.9ps~! [33] implies a lower bound on fp,\/Bg,
which is only marginally consistent with some of the quenched lattice calculations. Hence
global fits of the unitarity triangle (using Amgy/Amg to constrain R;) which use too small
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values of fp, 1/ B B, confine the apex of the triangle to a too small region of the (p,7) plane
or may even be in conflict with the measured lower bound on Am.

The determination of R; profits enormously from a measurement of Amg, because the
ratio of the hadronic matrix elements entering Amy/Amg can be calculated with a much
higher accuracy than the individual matrix elements:

= LS@ (8.67)
de@

is equal to 1 in the limit of exact SU(3)r symmetry. Hence the theorists’ task is reduced to
the calculation of the deviation from 1. The current world average from lattice calculations
is [32]

& =1.16 £ 0.05. (8.68)

Further |V,;| drops out from the ratio

Amy
Amg

_\2p2 21 _ o= ) mB; 1
= MR (14231 - 2p) + O(\Y)) .t (8.69)

With the expected experimental accuracy of Amg, and the anticipation of progress
in the determination of ¢ in (8.68) a determination of R; at the level of 1-3% is possible.
Then, eventually, even the uncertainty in A cannot be neglected anymore. Keeping the
overall factor of A\? while inserting A = 0.22 in the subleading terms one finds from (8.69):

Amyg 17ps—1 0.22 ¢ _
R; = 0.880 1+ 0.057). 8.70
' \/0.49psl\/ Am, A 116 (1 0057) (8.70)

Here the omission of O(A*) terms induces a negligible error of less than 0.1%. At present

R, is obtained from a global fit of the unitarity triangle and (8.69) is used to predict

Amg = 17.31_(1):? [34]. One should be aware that some of the quantities entering the global

fit, especially e, are sensitive to new physics. Hence the measurement of a Am; well above
the quoted range would be very exciting. In a large class of extensions of the Standard model
Amg and Amg change, while their ratio does not. In these models Amg could be in conflict
with (8.66) without affecting R; in (8.70). Therefore it is desirable to gain additional
experimental information on fp,, so that the dependence on non-perturbative methods
is reduced. This information can be obtained from the B, width difference discussed in
Sect. 8.3.2.

8.3.2 Width difference
8.3.2.1 Calculation

The two mass eigenstates By, and By in (1.54) differ not only in their masses but also
in their widths. The prediction of the width difference AT = I', — 'y ~ 2|['12|cos ¢
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Figure 8.3: Leading order diagrams determining I'{,. Only the CKM-favored
contribution £5*2T¢S is shown. The left diagram is the weak annihilation diagram
and the right one is the spectator interference diagram. The dashed line indicates
the cut through the final state.

in (1.64b) requires the calculation of |I'j2| and ¢. I'j9 is determined from the absorptive
part of the |AB| =2 transition amplitude. It receives contributions from all final states
which are common to B® and B as shown in the first line of (1.146). The leading order
(LO) diagrams contributing to I';2 in the By system are shown in Fig. 8.3. The dominant
contribution comes from the spectator interference diagram, the weak annihilation diagram
is color-suppressed. We write

rf, = - [e020g, + 2e0er s, + &0y, a=dis, (8.71)

where the three terms denote the contributions from the diagram with (anti-)quarks ¢ and
j in the final state. The £!’s denote the corresponding CKM factors:

3 = qu Jba fg = ch c?)’ fg = Viq‘é’f,- (8-72)

They satisfy &4 + £9 + ¢/ = 0 from CKM unitarity and read in terms of the improved
Wolfenstein parameters [35]:

& = A p+m)+00N), & = -AN +0(\),
{ = AN (1-p—in)+ 0O\,

4 )‘2 — — 8 s 2 >‘2 6
& = AN+ 5) (p+im) +O08), & = A(1- )+ 00,

£ =—AN |1 - AQ(% —p—im)| +0N%), (8.73)

—¢d/¢d and —¢l/¢¢ define two sides of the standard unitarity triangle depicted in Fig. 1.1.
One has J J
gu _ iy ft _ —if3
7 = Rbe R ~ed — Rie ; (8'74)
& %
where R, = \/p? +7? and R, is defined in (8.63). The ratio & /&5 involves the phase (s
measured from the mixing-induced C'P asymmetry in Bs — D} D} :

_g = [+ + 0] eP with B, =7N’[1+ (1 -p)N]+0(X°).  (8.75)
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The coefficients FZIJQ in (8.71) are positive. They are inclusive quantities and can be calcu-
lated using the heavy quark expansion described for the heavy hadron lifetimes in Sect. 8.2.
The leading term of the power expansion in Agcp/my contains two Dirac structures, each
of which can be factorized into a short-distance Wilson coefficient and the matrix element
of a local operator:

2. 92
Ggm,
61

i 2 i, D Aoep
Here z = m?2/ mg The operator @), which we already encouniered in the discussion of Am,
was defined in (1.118). When @Q occurs in the context of B’~BY mixing, we understand that
the d quarks in (1.118) are appropriately replaced by s quarks. In I';2 ; a second operator

occurs:
Qs =qrbrqrbr, g=dors. (8.77)

Bp, and Bg,; (or, equivalently, ng) are ‘bag’ parameters quantifying the hadronic matrix
elements of () and Qg:

(BUQUAIBY = 75, m, Bis, (1) (5.78)

2

[ () + 11 (12)]

— 5 )
(BUIQs (9)[BY) = —— f3,m%, BE (1) = —— f3,m%, S B, (1)

ng and Bf;,; simply differ by the factor mQBq /[mp (i) + mg(u)]2. While lattice results are
usually quoted for Bf;.q, the forthcoming formulae are shorter when expressed in terms of
B;g; . These ‘bag’ factors depend on the renormalization scale y and the renormalization

scheme. In the literature on AI' it is customary to use Bp, and ng in the MS scheme
as defined in [36]. Numerical values obtained in lattice calculations are usually quoted for
p = mp. The invariant bag factor Bp, defined in (1.121) is related to Bp, (1) by

Bp, = Bg,(11) bs(n) (8.79)

_ as(p) 5165
bia0) = Loy ()] /% 14 QL0

bB(mb) = 1.52 £ 0.03.

A recent preliminary lattice calculation with two dynamical flavors found Bg, (m;) = 0.83 £
0.08 and Bp (mp) = 0.84 + 0.08 [37]. No deviation of Bp,/Bp, and B}, /Bj, from 1 is
seen. The quoted value for Bp, (my) corresponds to EBq = 1.26 £+ 0.12. The short distance
physics entering I'{, in (8.76) is contained in F(z) and Fs(z). To leading order in a; they
read:

Fe(z) = V1— 4z {(1 _ K 4 _24sz}
FE(2) = VI —dz (1+22) (K1 — K>)
o) = (1- 2 22K+ 250K
Fi(z) = (1 —2)% (1 4+ 22) (K, — K3)
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F"(z) = F(0) = F“(0) = K; + %KQ
FE(2) = FE(0) = FE(0) = K, - Ko. (8.80)

K7 and K5 are combinations of the Wilson coefficients C; and Co, which are tabulated in
Table 1.3:
1 = 3012 + 2C1CY, Ky, = C22 (881)

The scale at which the Wilson coefficients are evaluated must equal the scale used in Bp, (1)
and Bf—;q (). In (8.76) and (8.80) we have neglected the small contributions from penguin
coefficients, which can be found in [36].

It is instructive to eliminate £ = —&J — ¢2 in favor of €4 and &/ in (8.71):
q q*2 cc & cc uc q*2 cc uc uy
P = =& Ty + 2 (Pse —Tis,) + £q*2 (M5, — 205, +T1,)| - (8:82)

In the limit z = 0 all the I'/’s become equal and arg My, = arg(—T'12) = arg(¢7?), so that
¢ vanishes in this limit. With (8.73) one verifies that ¢q = O(72) and ¢s = O(A\?*7z). This
GIM suppression is lifted, if new physics contributes to arg M{, spoiling the cancellation
between arg Mo and arg(—TY,). Therefore ¢ is extremely sensitive to new physics.

Combining (8.82) and (8.80) we find the Standard Model predictions for ¢4 = ¢(By)
and ¢5 = ¢(Bs):

M50~ T o 27 BBd KKy
¢d:—R—?T%d[1+O(ﬁzﬂ7>\ )]

2~ 3x1073 = 0.2°.

s, — TS 24 _ , Bp, K1+ K>
=22 =22 1 4 O (720 ) | R TN e 2
Ps T T, [ + (nz 7] )} £ By K- K

(8.83)

That is, in the Standard Model, we can safely neglect the factor of cos ¢, in the relation
ATy = 2[T{y|cos ¢q (see (1.64b)). For T'j, the CKM-suppressed contributions T'{$ ; and
I'{3 s are completely irrelevant. 'Y, is also dominated by the double-charm contribution
' 4> with up to O(5%) corrections from the second term in (8.82):

AFEM = 2|Ff2| |ft|22|F12s

AI‘EM = 2|F(1i2| = |ft| 2|F12¢Jl

R +p—1T75, T, R}y
142 7 oy +O<R4z>‘ (8.84)

(5 ¢ has been calculated in the next-to-leading order of o [36] and Agep/my [38]. The

result gives the following prediction for ATSM:

ATSM 9jry| (L

2
- 234 +0. S —0.080 0. . ,
T T Vs MeV) [(0 234 + 0.035) B — 0.080 0020] (8.85)
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Here the coefficient of Bgs has been updated to my(msy) + ms(my) = 4.3 GeV (in the MS
scheme) compared to [36]. Since the coefficient F'°°(z) of Bp, in (8.76) is very small, Bp,
in (8.85) has been fixed to Bp,(m,) = 0.85 £ 0.05 obtained in quenched lattice QCD [37].
Recently the KEK-Hiroshima group succeeded in calculating fp, in an unquenched lattice
QCD calculation with two dynamical fermions [39]. The result is fp, = (245 £+ 30) MeV.
With this number and Bf—;s (myp) = 0.87 £ 0.09 from quenched lattice QCD [37,40] one finds
from (8.85):

AFSM
— = (.12 £ 0.06. (8.86)

Here we have conservatively added the errors from the two lattice quantities linearly. fp,
drops out from the ratio

ATSM 51 my By Agep
L F s 140 (2een) ] 8.87
AmSM 6 M%VanBS(m%/M%,)| S(Z)|BB { - < my ﬂ (8:57)

E]

The full result with next-to-leading order corrections in ay and Agcp/my can be found
in [36]. Including these corrections one finds [36]:

AFSM +0.8 -3
Amng - (3.7,1,5) x 1073, (8.88)

The uncertainty in (8.88) is dominated by the renormalization scale dependence. Its re-
duction requires a painful three-loop calculation. The numerical value in (8.88) is obtained
with BgS/BBS = 1.0 £ 0.1 [37], which is larger than the one used in [36].

Next we consider the width difference in the B; meson system: since the second term
in (8.84) is negligible in view of the other uncertainties, (8.87) also holds for ATSM/AmSM
with the replacement By /Bp, — B;g’d/BBd. The SU(3)r breaking in these ‘bag’ factors
and in the Agcp/my corrections can safely be neglected, so that the numerical range (8.88)
also holds for AFEM/AmgM. With Amg = 0.49ps~! and 75, = 1.5ps one finds AFEM R
3x1073T;. Since AT'y and Amy are affected by new physics in different ways, it is instructive
to consider the ratio of the two width differences: from (8.84) and (8.85) one finds

2
~ 0.04 R?. (8.89)

d
2t

&

2 S
AT T T3P,
ATSM |5, — f3. B3,

In the last line we have used fp,/fp, = 1.16 & 0.05 and Bgs = Bgd. The numerical
predictions for AT’y from (8.88) and (8.89) are consistent with each other. Since AT’y stems
from the CKM-suppressed decay modes, it can be substantially enhanced in models of new
physics.

8.3.2.2 Phenomenology of AT,

Time Evolution: The width difference AI'y can be measured from the time evolution of
an untagged B, sample, as shown in sect. 1.3.3. In general the decay (E)s — f is governed
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by the two-exponential formula in (1.85). With (1.54) and (1.72) we can calculate (f|Br, m)
and find from (1.85):
2

TIf, 1] = N} @ (112 [(1-Ahp) e 4 (14 ALp) e 1] (8.90)
with AfAF defined in (1.83). Throughout this Sect. 8.3.2.2 we neglect small terms of order
a. The time-independent prefactor of the square bracket can be eliminated in favor of the
branching ratio Br ((E)—> f) using (1.84). In principle one could measure AT’y =T — 'y
by fitting the decay distribution of any decay with |AfAF| # 1 to I'[f, ] in (8.90). In practice,
however, one will at best be able to measure the deviation from a single exponential up to
terms linear in AI'st. In (1.82) I'[f,#] is expressed in terms of I's = (I'r, + I'gr) /2 and AT.
With (1.84) one finds

T[f,{] = 2BR(B, — f)Tye ' |1+

oAk ()] ro (e e

That is, unless one is able to resolve quadratic O ((Al's)?) terms, one can only determine the
product AfAFAFS from the time evolution. A flavor-specific decay mode like By — D, 7 is
characterized by Ay = 0 and therefore has AfAF = (. In these decay modes the term involving
AT in (8.91) vanishes. Flavor-specific decays therefore determine I’y up to corrections of
order (AT,)?. For those decays I'[f, ] is insensitive to new physics in M2, because A; = 0.
In order to gain information on ATy from (8.91), one must consider decays with Ay # 0.
But Ay and AfAF depend on the mixing phase ¢5s (see (1.67)) and therefore change in the
presence of new physics in Mys. In the Standard Model we can calculate ¢y and then
extract AI's from the measured AfAFAFs. In the presence of new physics, however, one
needs additional information. We therefore discuss these two cases independently below.

Lifetimes are conventionally measured by fitting the decay distribution to a single ex-
ponential. We now write the two-exponential formula of (8.90) as

Tif,t]=Ae "' + Be "'

ATt Alt
=e st (A+ B) coshTs + (B — A) sinh 28 ,

(8.92)
where A = A(f) and B = B(f) can be read off from (8.90). If one uses a maximum
likelihood fit of (8.92) to a single exponential,

F[ft] = Tye 7t (8.93)

it will yield the following result [41]:

A/l +B/Ty
=t - I = .94
I A3 + BTy, (8.94)
We expand this to second order in AT':
A— B AT, 2AB (ATy)? (AT)3
I'r =T% — — . .
f TA¥B 2 T A+BR T, +O< I2 (8.95)
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In flavor-specific decays we have A = B (see (1.82)). We see from (8.95) that here a
single-exponential fit determines

AT)? AT,)?
rfszrs—(ﬂ) +(’)<( F2)>. (8.96)

Heavy quark symmetry predicts that the average widths I's and I'y are equal up to cor-
rections of less than one percent [38,42]. From (8.96) we then realize that the average Bj
lifetime (defined as 1/I'y) can exceed the By lifetime by more than one percent, if AT is
sizable.

CP Properties and Branching Ratios: In the B, system AT is dominated by I'{3°.
In the following we will neglect the Cabibbo-suppressed contributions from I'{}" and I'{3™.
We also specify to the PDG phase convention for the CKM matrix, in which arg(V, V%) =
O(X%), see (8.75). For the discussion in the forthcoming paragraphs it will be useful to
define the C'P eigenstates

1 — 1 —
eveny __ o oddy __
B = 5 (1B =1Ba),  and (B = S5 (1B)+[B)). (897)
Here we have used the standard convention for the C'P transformation: C'P|B;) = —|B).

Interestingly, one can measure AD'y from branching ratios, without information from
lifetime fits. We define

ATy = 205l =2 Y [P(By = fops) — T(Ba— for )] (399)
f€X ez

Here X represents the final states containing a (c,¢) pair, which constitute the dominant

contribution to AI'{p stemming from the decay b — c€s. In (8.98) we have decomposed

any final state f into its CP-even and C'P-odd component, |f) = |fcps) + |fop_)® and

defined

|<fCP:I:|Bs>|2
[(f1Bs)[?

N is the usual normalization factor originating from the phase-space integration. AI'¢p
equals AT in the Standard Model, but these quantities differ by a factor of cos ¢, in models
of new physics, see (1.64b). We will later exploit this feature to probe the Standard Model
and to determine | cos ¢s|.

['(Bs — fops) = Ny |(fops|Bs)|* = L'(Bs — f). (8.99)

We now prove the second equality in (8.98) and subsequently discuss how I'(Bs — fcp+)
can be measured. Start from the definition of I'{,:

Ty = N7 (Bol ){fIBs) = %ZNf (B UFBa) + (BJRFB) . (8.100)
f f

The factor of 2 in (8.98) is an artifact of our normalization of |fcp4 ).
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In the second equation we have paired the final state |f) with its CP conjugate |f) =
—CP|f). In the next step we trade f for fcps and fcp— and use the C'P transformation

(forx|Bs) = F (fcp+|Bs) (8.101)

in our phase convention with arg(V,, V%) = 0. Then (8.100) becomes

“Th= 3 Ny [[fers|BYP = [(for-|Bo)]

feXcE

= 3 [T(Bs = fory) — T(Bs — fer)]. (8.102)
JeXsz

Interference terms involving both (fcpy|Bs) and (fcp—|Bs) drop out when summing the
two terms (Bs|f)(f|Bs) and (Bs|f){f|Bs). An explicit calculation of I'§, reveals that the
overall sign of the LHS of (8.102) is positive, which completes the proof of (8.98).

Loosely speaking, AI'tp is measured by counting the C'P-even and C'P-odd double-
charm final states in B, decays. Our formulae become more transparent if we use the
C P-eigenstates defined in (8.97). With |B,) = (|B"*") + |B%49))/v/2 one easily finds from
(8.102):

AT{p = 2|14, = T (B&") — I'(BYYY), (8.103)

Here the RHS refers to the total widths of the C'P-even and C'P-odd B; eigenstates. We
stress that the possibility to relate |I'j5| to a measurable quantity in (8.98) crucially de-
pends on the fact that I'{, is dominated by a single weak phase. For instance, the final
state K™K~ is triggered by b — wus and involves a weak phase different from b — ces.
Although K+ K~ is CP-even, the decay B%44 — K+K~ is possible. An inclusion of such
CKM-suppressed modes into (8.102) would add interference terms that spoil the relation
to measured quantities. The omission of these contributions to I'{, induces a theoretical
uncertainty of order 3-5% on (8.103).

A measurement of AI'Y,p has been performed by the ALEPH collaboration [43]. ALEPH

has measured

2BR (B, — DW+DM ) = 0.26705% (8.104)

and related it to AI'gp. For this the following theoretical input has been used [44]:

i) In the heavy quark limit m. — oo and neglecting certain terms of order 1/N, (where
N, = 3 is the number of colors) the decay B%4d — DFD*¥ is forbidden. Hence in

this limit the final state in (El — DED:T is CP-even. Further in (E)s — DT D* the
final state is in an S-wave.

ii) In the small velocity limit when m, — oo with mj, —2m, fixed [45], AT'{p is saturated
by T'(B, — D+ D{)=). With i) this implies that in the considered limit the width
of B2 vanishes. For N, — oo and in the SV limit, F((E?9 — Dg*)J“Dg*)’) further
equals the parton model result for AI'Yp (quark-hadron duality).
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Identifying T'(Be"® — D{’+D{)=) ~ AT%, and T(B4 — DI+D~) ~ 0 we can
integrate T’ [D( J+pr ),t] =D(B&" — D+ Dg*)*) exp(—T'rt) over ¢ to find:

2BR (B, » DWHDM ) ~
Iy

(8.105)

Thus the measurement in (8.104) is compatible with the theoretical prediction in (8.86).

When using (8.105) one should be aware that the corrections to the limits i) and ii)
adopted in [44] can be numerically sizeable. For instance, in the SV limit there are no

multibody final states like Dg*)ﬁX s, which can modify (8.105). As serious would be the

presence of a sizeable C'P-odd component of the Dg*)+Dg*)_ final state, since it would be
added with the wrong sign to AI'{p in (8.105). A method to control the corrections to the
SV limit experimentally is proposed below in the paragraph on new physics. One feature
of the SV limit is the absence of C'P-odd double-charm final states. (Indeed there are only
very few C'P-odd final states in Table 8.5.) This has the consequence that AI'%,p cannot
be too small, because for T'(B%44 — Xz.) the spectator contributions and non-spectator
diagrams like those in Fig. 8.3 must sum to zero. This favors values of AT'¢p = AISM in
the upper range of (8.86).

Standard Model: In the Standard Model the B?— B? mixing phase oy = —2B, can
be safely neglected for the discussion of AT's. Then the mass eigenstates coincide with the
CP eigenstates defined in (8.97) with |By) = |BS*") and |Bg) = |B%%). Any b — cCs
decay into a C'P-even final state like D} D, stems solely from the |Br) component in the
untagged B, sample. A lifetime fit to this decay therefore determines I';,. Conversely, the
b — ccs decay into a CP-odd eigenstate determines I';;. We can easily verify this from
(8.90) by calculating AfAF: q/p in (1.66) equals —1 and A;/A; = —ny, where 7 is the CP
parity of the final state. Then (1.72) yields Ay = ny, so that AfAF = —ny. Hence for any
b — ccs decay the coefficient of exp(—T'yt) in (8.90) vanishes for a CP-even final state,
while the exp(—I't) term vanishes for a C'P-odd final state. In practice one will encounter
much more statistics in C'P-even final states, so that the best determination of ALy will
combine I';, with I'g; measured in a flavor-specific decay. From (8.96) and 'y, = I's + AT's/2

one finds ;
r; —-T AT
ATy = 2(I'p — Tg) (1 — 2LF7fS> + O <( 5) > . (8.106)
fs

I3

Here we have expanded to second order in AI'y, which should be sufficient for realistic
values of AT'.

It should be stressed that every b — ccs decay encodes the same information on AL,
once its C'P parity is known. This is also true for b — cud decays into C'P eigenstates,
because the decay amplitude carries the same phase as the one in b — cés. Therefore the
extracted values for ATl'g in these decays can be combined to gain statistics. Interesting
decay modes are summarized in Table 8.5. Many of the listed modes, like (El — 1, require
an angular analysis to separate the C' P-even from the C'P-odd component. This procedure
is described in detail in Sect. 8.3.5.
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It is tempting to use (E)s — KTK~ to measure ATy because of its nice experimental
signature. But such CKM-suppressed decay modes cannot be used, because the weak phase
of the decay amplitude is not known. If By, — K™K~ were dominated by penguin loops
and new physics were absent from these loops, Ag+ - would indeed be equal to +1 and
the coefficient of exp(—T'yt) in (8.90) would vanish. In practice, however, the tree-level
amplitude b — uus is expected to give a non-negligible contribution. Since this amplitude
carries a different phase, 2arg(Vy,) = —2v, Ag+x- deviates from 1 and both exponentials
in (8.90) contribute.

New Physics: In the presence of new physics the CP-violating phase ¢ in (1.62) and
(1.64b) can be large. Since various observables in untagged Bs decays depend on cos ¢ in
different ways, one can reveal new physics and determine |cos ¢s| by combining different
measurements. We have already seen above that AI'{p in (8.98) does not depend on ¢ at
all, while AI'y is diminished in the presence of new physics:

ATy = AT'lp cos ¢s. (8.107)

On the other hand sin ¢5 can be obtained from C P asymmetries in B, decays like By — 9.
Therefore measurements of AI' are complementary to the study of C'P asymmetries, which
require tagging and the resolution of the rapid B,~B; oscillation and come with a loss in
statistics, efficiency and purity. Both avenues should be pursued and their results combined,
because they measure the same fundamental quantities. A detailed analysis of both tagged
and untagged decays can be found in [46].

In our phase convention arg(V,, V%) = 0 we simply have
arg(Mya) = ¢s. (8.108)

The mass eigenstates can be expressed as

1+ ¢ 1 —e®
|BL) = 5 1B ) = —5— 1By,
1 - eld) even 1 + €Z¢ Odd
|Bi) = = —5— [BS™) + —— B (8.109)

Whenever we use B and B% we implicitly refer to our phase conventions for the
CKM matrix and the C'P transformation. If formulae involving B¢*" and B%94 are used to
constrain models with an extended quark sector, the phase convention used for the enlarged
CKM matrix must likewise be chosen such that arg(Ve, V) ~ 0.

We next consider the time evolution of a b — ¢¢s decay into a CP eigenstate with C P
parity 7. .A£F reads
AQF = —1)f COS ¢hs. (8.110)
In the Standard Model, where ¢s ~ 0, T'[f, t] simplifies to a single-exponential law, which
can be verified from (8.91) or by inserting (8.109) into (1.85).

Since AI'¢p is unaffected by new physics and AI'¢p > 0, several facts hold beyond the
Standard Model:
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i) There are more C' P-even than C'P-odd final states in B; decays.

ii) The shorter-lived mass eigenstate is always the one with the larger C'P-even com-
ponent in (8.109). Its branching ratio into a C'P-even final state fcp; exceeds the
branching ratio of the longer-lived mass eigenstate into fcpy, if the weak phase of the
decay amplitude is close to arg V V..

iii) For cos ¢5 > 0 By, has a shorter lifetime than By, while for cos ¢ < 0 the situation
is the opposite [47].

Allowing for a new physics phase ¢, the result in (8.105) is changed. In the SV limit one
now predicts:

2BR (B, — DW+DM ) ~ ATS,
_ Al

S

1+ cos ¢ 1—cos¢s}
2Tt 20

AT
1+0(32)
The term in square brackets accounts for the fact that in general the C'P-even eigenstate
| BSVeR) is a superposition of |Br) and |Bg). It is straightforward to obtain (8.105): inserting
(8.109) into (1.85) expresses I'[f,#] in terms of ['(BE*" — f) and I'(B%% — f). After
integrating over time the coefficient of I'(BY*" — f) is just the term in square brackets in
(8.111). We verify from (8.111) that the measurement of BR (EL — DM+ pir- ) determines

AT'%p. Its sensitivity to the new physics phase ¢ is suppressed by another factor of AL';/T',
and is irrelevant in view of the theoretical uncertainties.

(8.111)

Next we discuss the determination of Al'y and |cos ¢;|. There are two generic ways to
obtain information on Al'y and ¢; :

i) The measurement of the By lifetime in two decay modes (E)s — f1 and (El — fo with
.Af Lo Afz
AT AT

ii) The fit of the decay distribution of (E)s — f to the two-exponential formula in (1.82).

As first observed in [47], the two methods are differently affected by a new physics phase
¢s # 0. Thus by combining the results of methods i) and ii) one can gain information on
¢s. In this paragraph we consider two classes of decays:

e flavor-specific decays, which are characterized by A ;=0 implying AfAF = 0. Exam-
ples are By — D77t and By — X/ Ty,

e the CP-specific decays of Table 8.5, with AfAF = —1)f COS Ps.

In both cases the time evolution of the untagged sample in (1.82) is not sensitive to the
sign of AT’ (or, equivalently, of cos ¢s). For the CP-specific decays of Table 8.5 this can be
seen by noticing that

Tt |AT, |t

A
Al sinh = — 1y | cos ¢4| sinh —

— 112
. (8.112)
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Here we have used the fact that AT'y and cos ¢ always have the same sign, because AI't.p >
0. Hence our untagged studies can only determine | cos ¢4| and therefore lead to a four-fold
ambiguity in ¢s. The sign ambiguity in cos ¢ reflects the fact that from the untagged time
evolution in (1.82) one cannot distinguish, whether the heavier or the lighter eigenstate has
the shorter lifetime. (Methods to resolve the discrete ambiguity can be found in [46].)

In order to experimentally establish a non-zero AI'; from the time evolution in (1.82) one
needs sufficient statistics to resolve the deviation from a single-exponential decay law, see
(8.91). As long as we are only sensitive to terms linear in Al'; ¢ and AT's/T'5, we can only
determine AfAF AT from (8.91). .AQF AT'g vanishes for flavor-specific decays and equals
—nyAl, cos ¢, for CP-specific final states. Hence from the time evolution alone one can
only determine the product Al'g cos ¢ in the first experimental stage.

Determination of I'; and AI'scos¢s: In Egs. (8.92) — (8.95) we have related the
width found in a single-exponential fit to the parameters A(f), B(f), I's and AT'5 of the
two-exponential formula.

In (8.96) we found that a single-exponential fit in flavor-specific decays (which have
A = B) determines I'; up to corrections of order (AI'y)%/I'2.

With (1.82) and (8.92) we can read off A and B for the CP-specific decays of Ta-

ble 8.5 and find A(fcp+)/B(fep+) = (1 + cos¢)/(1 — cos¢) and A(fcp-)/B(fop-) =
(1 —cos ¢)/(1+ cos ¢) for C P-even and C P-odd final states, respectively. Our key quantity

for the discussion of C'P-specific decays (El — fop is
AT = —an£F ATy = AT, cos s, = ATlEp cos? ¢,. (8.113)

With this definition (8.95) reads for the decay rate I'cp ,, measured in (E)s — fop [46]:

ATE] . (ATy)? (ATy)3
Pepp = Ds + 15 % — sin® ¢, T + O T ) (8.114)

That is, to first order in ATy, comparing the (E)s lifetimes measured in a flavor-specific and
a CP-specific final state determines AI'Y),. The first term in (8.114) agrees with the result
in [47], which has been found by expanding the time evolution in (8.92) and (8.93) for small
AT t.

From (8.96) and (8.114) one finds

AL} ATS! AL)3
Pepy — Iy = =5 <77f + ﬁ) +0 <( ) ) (8.115)

2 r 2

Hence for a CP-even (CP-odd) final state the quadratic corrections enlarge (diminish) the
difference between the two measured widths. A measurement of AT'{, has a high priority at
Run IT of the Tevatron. The LHC experiments ATLAS, CMS and LHCb expect to measure
AT'{}, /T's with absolute errors between 0.012 and 0.018 for AT'{}, /T's = 0.15 [48]. An upper
bound on AT, would be especially interesting. If the lattice calculations entering (8.86)
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mature and the theoretical uncertainty decreases, an upper bound on |[AT'{}| may show
that ¢ # 0, through
ATp
AT

= cos? ¢s. (8.116)

Note that conversely the experimental establishment of a non-zero AT'{/, immediately helps
to constrain models of new physics, because it excludes values of ¢4 around 7/2.

The described method to obtain AT'Y/, can also be used, if the sample contains a known
ratio of C'P-even and C'P-odd components. This situation occurs e.g. in decays to J/9¢,
if no angular analysis is performed or in final states, which are neither flavor-specific nor
CP eigenstates. We discuss this case below for (El — D;th*)? Further note that the
comparison of the lifetimes measured in C'P-even and C P-odd final states determines AI'Yp
up to corrections of order (AT, /T)3.

The theoretical uncertainty in (8.86) dilutes the extraction of |cos ¢s| from a measure-
ment of AT'Y/, alone. One can bypass the theory prediction in (8.86) altogether by measuring
both AT}, and |AT| and determine | cos ¢5| through

ATEp

AT, = | cos ¢s]. (8.117)

To obtain additional information on AI's and ¢, from the time evolution in (1.82) requires
more statistics: the coefficient of ¢ in (8.91), AL’y AQF /2, vanishes in flavor-specific decays
and is equal to —nfAl'{p/2 in the CP-specific decays of Table 8.5. Therefore the data
sample must be large enough to be sensitive to the terms of order (ATt)? in order to
get new information on Al'y and ¢;. We now list three methods to determine |AT'y| and
| cos ¢s| separately [46]. The theoretical uncertainty decreases and the required experimental
statistics increases from method 1 to method 3. Hence as the collected data sample grows,
one can work off our list downwards. The first method exploits information from branching
ratios and needs no information from the quadratic (AI'#)? terms.

Method 1: We assume that AT, has been measured as described on page 365. The
method presented now is a measurement of AI'{p using the information from branching
ratios. With (8.116) one can then find | cos ¢5| and subsequently |ATl;| from (8.117). In the
SV limit the branching ratio BR (E)s — DM+pl- ) equals AT /(2I5) up to corrections
of order AT's/I's, as discussed above [44]. Corrections to the SV limit, however, can be
sizeable. Yet we stress that one can control the corrections to this limit experimentally,
successively arriving at a result which does not rely on the validity of the SV limit. For this
it is of prime importance to determine the C'P-odd component of the final states D DT
and DT D*~. We now explain how the CP-odd and CP-even component of any decay

(El — f corresponding to the quark level transition b — c¢s can be obtained. This simply
requires a fit of the time evolution of the decay to a single exponential, as in (8.93). Define
the contributions of the C'P-odd and C'P-even eigenstate to B; — f:

DB = f) = Np[(FIBYDP,  T(BY™ = f) = Ny [(f|BS ). (8.118)
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It is useful to define the C'P-odd fraction x; by

DB = ) WIBP B e 8.119)
DBy = )~ (ABEE ~ |(7ByeE T 1- 4

The time evolution (I'[f,?] + I'[f,t])/2 of the CP-averaged untagged decay (E)s — f,fis
governed by a two-exponential formula:

LUt + TS

5 = A(f)e Tt £ B(f)e Tt (8.120)
With (8.109) and (1.85) one finds
N Ny =
A(f) = FHI1BL) + S I(FIBL) P
= LEO peggen s ) 4 L2 (e ),
N Ny | =
B(f) = L (1B + =L I(F1Br)I
= L pgpen s ) 4 LS p(ppit s ), (8.121)

With (8.119) we arrive at
A(f) (14 cosp)I'(BY*™ — f) + (1 — cos ¢)F(B§dd —f) 14 (1 —=2zf)cos¢

B(f)  (1—cosg)T(Bee™ — f)+ (1 +cosp)I(BYId — f) — 1—(1—2zy5)cos¢
(8.122)
In (8.121) and (8.122) it is crucial that we average the decay rates for (E)s — f and the
CP-conjugate process (E)s — f. This eliminates the interference term (B%4|f)(f|B"), so
that A(f)/B(f) only depends on x;. The single-exponential fit with (8.93) determines I';.
Equations (8.95) and (8.122) combine to give

2(Tf —T,) = (1 - 2z7) AT cos ¢y = (1 —2z) AT%p cos? ¢, = (1 —2z7) ALy, (8.123)
up to corrections of order (AL's)?/T's. In order to determine z; from (8.123) we need AI'S)

from the lifetime measurement in a CP-specific final state like D} D, or from the angular

separation of the C'P components in (E)s — 1¢. The corrections of order (AT)%/Ts to
(8.123) can be read off from (8.95) with (8.122) as well. Expressing the result in terms of
I'; and the rate 'y, measured in flavor-specific decays, we find

Iy —TIy Ty — Iy (AL)?
1—2xf:2£?%,;[1—2%}+0< ) (8.124)
S S

In order to solve for I'(BS'*" — f) and I'(B%4 — f) we also need the branching ratio
BR ((E)s — f)+BR 65)3 — f). Recalling (1.84) one finds from (8.120) and (8.121):

1 + cos ¢ n 1—cos¢s]

BR(B, » f)+BR(B, > F) = D[(B®™ = §) [

or; oy
1 1+
+T(BY ) [ QCFOLS bs 4 QEO;' dﬂ . (8.125)
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By combining (8.119) and (8.125) we can solve for the two CP components:

l—xf
2y — Ty

= (1—=y) (BR(Bs = f) +BR (B, - 7)) I, + O(ATL,)

D3 = f) = 15 - (Ary2)°] (BR(B: = 1)+ BR(B: = 7)) gl

=7 (BR(B, = f) +BR (B, > F)) Ty + O (ATy). (8.126)

D(BE™" — f) = [I? - (AT,/2)°] (BR(B, — f) + BR (B, = 7))

From (8.103) we now find the desired quantity by summing over all final states f:

1-2x
s eveny odd f
ATgp =T (B™) - T (B3™) = 2[r2 - (Ar,/2)’] 3 BR(B, 1) 5 —
feXcE
—) AT
=2T, > BR(BS—>f)(1—2xf) [1+(’)<F )} (8.127)
feXcE 5

It is easy to find Al'lp: first determine 1 — 2z from (8.124) for each studied decay mode,
then insert the result into (8.127). The small quadratic term (AT/2)? = AT{LATE, /4

is negligible. This procedure can be performed for BR (EL — DED:T) and BR (E)s —
D*TD*7) to determine the corrections to the SV limit. In principle the C'P-odd P-wave
component of BR (B, — D*+D*~) (which vanishes in the SV limit) could also be obtained
by an angular analysis, but this is difficult in first-generation experiments at hadron col-
liders, because the photon from D} — D,y cannot be detected. We emphasize that it is

not necessary to separate the Dg*)+D£*)_ final states; our method can also be applied to

the semi-inclusive Dg*)iDg*)qE sample, using AF%’P obtained from an angular separation of

the CP components in (El — 1. Further one can successively include those double-charm
final states which vanish in the SV limit into (8.127). If we were able to reconstruct all
b — ccs final states, we could determine AI'¢.p, without invoking the SV limit. In practice
a portion of these final states will be missed, but the induced error can be estimated from
the corrections to the SV limit in the measured decay modes. By comparing AI'tp and
AT'¥/p one finds | cos ¢s| from (8.116). The irreducible theoretical error of method 1 stems
from the omission of CKM-suppressed decays and is of order 2|V, Vis/(VepVes)| ~ 3 — 5%.

Method 1 is experimentally simple: at the first stage (relying on the SV limit) it amounts

to counting the (El decays into Dg*)J“Dg*)*. The corrections to the SV limit are obtained
by one-parameter fits to the time evolution of the collected double-charm data samples.
This sample may include final states from decay modes which vanish in the SV limit, such
as multiparticle final states. No sensitivity to (AL #)? is needed. A further advantage is
that AI'¢.p is not diminished by the presence of new physics.

Method 2: In the Standard Model the decay into a C'P eigenstate fcp is governed
by a single exponential. If a second exponential is found in the time evolution of a CKM-

favored decay (El — fcp, this will be clear evidence of new physics [49]. To this end we
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must resolve the time evolution in (1.82) up to order (AT, #)2. At first glance this seems to
require a three-parameter fit to the data, because I'[f, ] in (1.82) depends on I';, Al'y and
(through AfAF, see (8.110)) on ¢. It is possible, however, to choose these parameters in
such a way that one of them enters I' [fcp, ] at order (AL'y)?, with negligible impact. The
fit parameters are IV and Y. They are chosen such that

[[fopi,t] = 2BR(B) — fops ) Tle "t [1 FY D't <—1+ %) +O ((AFS)?’)} . (8.128)

Here we have considered a C' P-even final state, for which a lot more data are expected than
for CP-odd states. With (8.128) we have generalized the lifetime fit method described in
(8.91) — (8.96) to the order (AT'#)2. A non-zero Y signals the presence of new physics. The
fitted rate I'" and Y are related to 'y, Al'y and ¢4 by

(ATy)?
41’1/2

v — COS g

sin? ¢, I" =T,(1-Y)+ AT. (8.129)
Note that for | cos ¢s| = 1 the rate I equals the rate of the shorter-lived mass eigenstate and
the expansion in (8.128) becomes the exact single-exponential formula. After determining
I and Y we can solve (8.129) for 'y, AT; and ¢s. To this end we need the width T
measured in flavor-specific decays. We find

AT,
AL = 2/ ~Ta? + T3 140 ()],

S

= rus GLF o ((2DY)
1+0 ((AFES>2>] ;

|sing,| = 2&5 [1+O<AFI;5>]. (8.130)

ALY = 2[I' =T, (1—Y)]

The quantity AT'Y},, which we could already determine from single-exponential fits, is now
found beyond the leading order in Al's/T's. By contrast, Al's; and |sin ¢4| in (8.130) are
only determined to the first non-vanishing order in AT;/T.

In conclusion, method 2 involves a two-parameter fit and needs sensitivity to the qua-
dratic term in the time evolution. The presence of new physics can be invoked from Y # 0
and does not require to combine lifetime measurements in different decay modes.

Method 3: Originally the following method has been proposed to determine |AT]

[47,49]: The time evolution of a (El decay into a flavor-specific final state is fitted to two
exponentials. This amounts to resolving the deviation of cosh(AI's¢/2) from 1 in (1.82)
in a two-parameter fit for I'; and |AT's|. If one adopts the same parameterization as in
(8.128), I and Y are obtained from (8.129) by replacing ¢s with m/2. The best suited

flavor-specific decay modes at hadron colliders are (E)s — Dg*)iﬁ, (El — Dg*)iﬁwﬂr_
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and (E)s — X/{Tv.Depending on the event rate in these modes, method 3 could be superior
to method 2 in terms of statistics. On the other hand, to find the “smoking gun” of
new physics, the |AT;| obtained must be compared to AT'{, from CP-specific decays to
prove | cos ¢g| # 1 through (8.117). Since the two measurements are differently affected by
systematic errors, this can be a difficult task. First upper bounds on |AT'5| using method 3
have been obtained in [50].

The L3 collaboration has determined an upper bound |Al|/T's < 0.67 by fitting the
time evolution of fully inclusive decays to two exponentials [51]. This method is quadratic

in AT’y as well. The corresponding formula for the time evolution can be simply obtained
from (8.92) with A =T and B =Tp.

8.3.2.3 Phenomenology of ATy

The Standard Model value AT5M/T; ~ 3 x 102 derived before (8.89) is presumably too
small to be measured from lifetime fits. In extension of the Standard Model, however,
ATy/Ty can be large, up to a few percent. The expected high statistics for the decay
By — ¢ Kg can be used to measure the lifetime 1/I'g, k¢ in this channel with

AT
Tppics =Ta = —— cos(2Byxs) = Ta — |T'%| cos(2Byxs) cos ¢ (8.131)

sin(26y k) is the quantity characterizing the mixing-induced C'P asymmetry measured from
tagged By — ¥ Kg decays. 'y is obtained from a lifetime measurements in flavor-specific
decay modes. We stress that this measurement of I'g, i, can be done from the untagged

(Ezi — ¥ Kg data sample. If F‘fZ is dominated by new physics, its phase and therefore also
¢q is unknown. If one neglects the small SM contribution in (8.83) to ¢4, (8.131) reads

Tpyyis = Ta—|Tial cos(2Byrs) cos(2Byprs —26) = Ta—[TTa| cos(¢a+26) cos ¢a, (8.132)

where (3 is the true angle of the unitarity triangle as defined in (1.32). Note that in the
presence of new physics £ is unknown. When combined with the C'P asymmetry in flavor-
specific decays discussed in Sect. 8.3.3 one can determine |T'%,| and sin¢,s. Then up to
discrete ambiguities also 8 = Byxs — $#4/2 can be determined. Depending on whether the
enhancement of F‘fQ is due to b — ¢cd, b — Ted or b — Gud, transitions, C'P asymmetries
in these channels can also help to disentangle [T'%| and ¢q.

Interestingly, one can isolate the contribution to |T'¢y| from b — écd decays. Define

ATGE = 21681059 = 2 Y [(By — fopy) — T(Ba = fop )] (8.133)
feXcE

in analogy to (8.98). In the Standard Model AT'SS is slightly larger than 2|T'%,|, by a factor
of 1/RZ. From (8.89) one finds

2

d, 2 S
Alcp /5,55, & ~ 0.04 (8.134)
ATgp — f3,Bg, |& ’
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ie. ATEC/Ty ~ 5 x 1073, Now AT%S can be measured by counting the C'P-even and
C P-odd final states in b — ccd decays, just as described in Sect. 8.3.2.2 for b — c¢s decays
of By mesons. Again, in the SV limit the inclusive decay By — Xz is exhausted by
By — DWW+ DM~ which is purely CP-even in this limit. With (8.127) one can find AT%.
That is, in the SV limit one just has to measure Br((gzi — DWW+ D)) which equals
ATEE /(2T ). However, the lifetime method described in ‘Method 1’ above cannot be used
to determine the corrections to the SV limit, because Al'y is too small. Yet in the limit of
exact U-spin symmetry (mq = m,) the CP-odd components of D)+ DM~ from By decay
and Dg*HDg*)* from B, decay are the same. Finally in b — céd transitions CP violation
in decay could be relevant. It results from penguin loops involving top- or up-quarks and

spoils the relation (8.127) between branching ratios and AI‘dC’E,C. This effect, however, is

calculable for inclusive decays like (Ezi — Xz4. In the Standard Model C'P violation in
this inclusive decay is of order 1% and therefore negligible [52]. CP-violation from non-
standard sources can be revealed by comparing CP-asymmetries in b — c¢éd decays with
those in b — c€s decays (namely sin2f from By — % Kg). Since (8.134) depends on no
CKM elements and the hadronic factor is known exactly in the SU(3)r limit, a combined
measurement of AF'é’ff and A% provides an excellent probe of new physics in b — ced
transitions.

8.3.3 CP Asymmetry in Flavor-specific Decays

In the preceding sections we have set the small parameter a, = a(B,), ¢ = d,s, defined
in (1.65) to zero. In order to study C'P violation in mixing we must keep terms of order
aq. The corresponding “wrong-sign” C'P asymmetry is measured in flavor-specific decays
By — f and equals

D(BY%t) — f) —-T(B%t) — f v _ _
af, = _q() /) (¥ i) =Im—12 =q,, for Ay =0 and [Af]=|Ag.
L(BY(t) — f) +T(BY(t) — f) M7,
(8.135)
A special case of af, is the semileptonic asymmetry, where f = X/¢v, introduced in

Sect. 1.4.1. A determination of a, gives additional information on the three rephasing-
invariant quantities |M{,|, |['Y,| and ¢, characterizing B — B® mixing.

Observe that af, in (8.135) is time-independent. While both numerator and denomina-
tor depend on t, this dependence drops out from the ratio. The “right-sign” asymmetry,
vanishes:

D(By(t) = f) =T(By(t) = f) =0,  for Ay =0 and |Af| = |45]. (8.136)
This implies that one can measure a?s from untagged decays [46,53]. It is easily verified
from the sum of (1.73) and (1.74) that to order a, the time evolution of untagged decays

exhibits oscillations governed by Am,. Since a is small, a small production asymmetry
€ = N5/Np — 1, which also leads to oscillations in the untagged sample, could introduce an
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experimental bias. To first order in the small parameters a,, and € one finds

Lf.t] = T[f,t] ag aq+e cos(Amgt) _ _
q,unt:’—_’:_‘l_ q q f A, =0 d 1A, = [A].
s Llf, 8] +T[f, 1 2 2 cosh(AL,t/2)° O SFTE |4yl (|8 1,; |7)

Note that the production asymmetry between Bg and Fg cannot completely fake the effect
of a non-zero a, in (8.137): while both a, # 0 and € # 0 lead to oscillations, the offset from
the constant term indicates a4 # 0.

The Standard Model predictions for a; and a4 are

N Am (K + Ko) m?
R} My, npbpS(mi [/ Mg,)
47 (K1 + Ko) m?

Mg, npbpS(mi /Mg,)

~ —8x 104

Qq <

~ 5x 107°. (8.138)

as ~ A2

The huge GIM suppression factor mj /M3, sin ¢4 o m2/MZ, leads to these tiny predictions
for CP violation in mixing. a4 plays a preeminent role in the search for new physics :

e its sensitivity to new physics is enormous, it can be enhanced by two orders of mag-
nitude,

e it is affected by a wide range of possible new physics effects: new CP violating effects
in ¢4 relax the GIM-suppression o mg /M%V sin ¢4, because ¢4 is no more proportional
toz = m?2/ mg New physics contributions to any of the CKM-suppressed decay modes
b — Ced, b — Tcd or b — Tud can significantly enhance |T'¢,| and thereby a.

Of course new physics contributions to arg M{, will not only affect ¢4, but also the C'P

asymmetry in Bg — 9P Kg. But from this measurement alone one cannot extract the new

physics contribution, because one will know the true value of 8 = arg(—£¢8* /€2*) only poorly,

once new physics affects the standard analysis of the unitarity triangle. For the discussion
of new physics it helps to write

2|17 AT,| sin

e = A|77112| singy = |AmQ| |cosq;q|'

q q q

(8.139)

If both |AT'y| and a4 are measured, one can determine both |T'¢,| and sin ¢,.

as is less interesting than a4, because I', stems from CKM-favored decays and is not very
sensitive to new physics. The ratio AT'¢,p /'y < 0.2 from (8.86) and the current experimental
limit Am, > 14.9 ps~! [33] imply that |as| < 0.01. New physics can affect ¢4 only through
arg M7,, but this new physics can be detected most easily through C'P asymmetries in
Bs —» ¢Ypor Bg — Dg*HDg*)* decays. Since the Standard Model predictions for these
asymmetries are essentially zero, there is no problem here to disentangle standard from non-
standard physics. Note that the measurement of sgn sin ¢; reduces the four-fold ambiguity
in ¢ from the measurement of | cos ¢4| to a two-fold one. The unambiguous determination
of ¢, is discussed in detail in [46].
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8.3.4 Angular analysis to separate the CP components '
8.3.5 CP-odd and CP-even components in B; — J/¢¢

The most general amplitude for By — J/1¢ can be written in terms of the polarization
states of the two vector mesons as [55,56]

A(Bs(t) = J/y @) = AUT(t)eﬁd) GEL—AH(t) eﬁd)-ef/ﬁ—iAL(t) 6§/¢X52'ﬁ¢/\/§7 (8.140)

where x = p;/y, - pg/(mjyme) and Py is the unit vector along the direction of motion of ¢
in the rest frame of .J/4.

Since the “C'P violation in decay” of By — J/1¢ is vanishing,
Ap(0) = Ag(0),  AY(0) = A4(0),  AL(0)=—-A.(0). (8.141)

The final state is thus an admixture of different C'P eigenstates: A and A are C'P-even
amplitudes whereas A is C'P-odd. The decay rate is given by

D() oc |Ao(t)]” + |4 (B)” + [AL(B)P, (8.142)
where the time evolutions of the individual terms are [57]

Aoy (D17 = [Ag () [e7"#! — e~ sin(Am 1)) ,
AL ()2 =14L(0)] [eiFHt te Tt sin(Amst)(Sqﬁ} . (8.143)

Here, [ =T’y = (I';, + I'r)/2. Note that this is not the average lifetime of B, as measured
through its semileptonic decays [58].

The value of
8¢ = 2B, ~ 222 ~ 0.03 (8.144)

is small in the standard model’, so that the terms proportional to §¢ in (8.143) can be
neglected in the first approximation. The time evolution of (8.142) is then a sum of two
exponential decays with lifetimes 1/T'z and 1/T'f.

In principle, a fit to the time dependence of the total decay rate (8.142) can give the
values of I'y; and T';, separately, but ATs/T is expected to be less than 20%, and it is not
easy to separate two closely spaced lifetimes. The inclusion of angular information will
increase the accuracy in the measurement of AI's multi-fold, as we’ll see in the section 8.3.6
below.

TAuthor: Amol Dighe
"Generalizations of the formulae to the case of new physics can be found in [46].
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Jy (0}
rest frame rest frame

(6.9)

-
Figure 8.4: The definitions of angles 6, ¢, . Here 6 is the “transversity” angle.

8.3.6 The transversity angle distribution

Since there are four particles in the final state, the directions of their momenta can define
three independent physical angles. Our convention for the definitions of angles [56,57] is
as shown in Fig. 8.4. The z-axis is the direction of ¢ in the .J/v rest frame, the z axis is
perpendicular to the decay plane of $ — KK, and p,(K*) > 0. The coordinates (6, ¢)
describe the direction of [ in the J/4 rest frame and 1) is the angle made by p(K ™) with
the x axis in the ¢ rest frame. With this convention,

Pr+ — Py(Py - Px+)
X = P¢, y = ) Z=XXY,
¢ [Pr+ — Py(Py - Prc+)|
sinf cos ¢ = py+ - X, sinfsing = py+ -y, cos = py+ - z. (8.145)

Here, the bold-face characters represent unit 3-vectors and everything is measured in the
rest frame of J/1. Also

costh) = —piy -pf]/d), (8.146)
where the primed quantities are unit vectors measured in the rest frame of ¢.

The 0 defined here is the transversity angle [59], which separates out the C'P-even and
CP-odd components. The angular distribution in terms of 6 is given by [56]:

dT(¢)
dcos@

where the time evolutions of the terms are as given in (8.143).

x (| 4o (B2 + |4y ()]) g (14 cos? ) + |4, (1)) Z sin? 6, (8.147)

The CP-even and C'P-odd components are now separated by not only their different
lifetimes (which are very close) but also by their decay angular distributions (which are
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distinctly different). The study of information content about the value of AT's in the time
and angular measurements [60] suggests that, in order to get the same degree of accuracy
in AT's with only time measurements, one would need about two orders of magnitude more
number of events than if both the time and angular measurements were used (see Fig. 3
in [60]). This indicates that the strategy of selecting one decay mode (e.g. J/¢¢) and
studying its angular distribution will turn out to be more fruitful than trying to combine
all C'P eigenstate decay modes and determine I'; and I'f, solely from their time evolutions.
Note that, in the limiting case of 'y = I',, the time evolution by itself cannot separate the
CP even and odd components, whereas the angular measurements can.

A fit to the transversity angle distribution (8.147) with its complete time evolution
(8.143) also gives the value of d¢p and Amg, though a better measurement of the latter may
be obtained through other decay channels.

The transversity angle distribution (8.147) is valid for any By — J/¢(— £7¢7)C1Cy
decay, where Cy and Cy are (a) self-conjugate particles, or (b) scalars and C'P conjugates
of each other [59]. The particles C; and Cy need not be the products of any resonance,
and their total angular momentum is irrelevant. So the time and transversity angle mea-
surements from all the resonant and non-resonant decays of this form may be combined to
gain statistics. Here the values of (]4¢(0)|* +]4;(0)*) and |A, (0)|? are just some effective
average values, but the decay widths 'y and I';, are the same for all such decay modes,
and hence for the whole data sample.

8.3.7 Three-angle distribution in B; — J/¢(— 717 ) ¢(— KTK™)

While the one-angle distribution (8.147) is in principle sufficient to determine the values of
Ty, T, 0¢p and Amg, using the information present in all the angles (0, ¢, ) will improve
the measurements. In addition, one also gets access to the magnitudes of all the three
amplitudes Ag(0), 4;(0), A1 (0) and the strong phases between them, which was not possible
with the one-angle distribution [57]. A method to combine the three-angle distributions of
Bs — J/¥¢ and By — J/9PK* to resolve a discrete ambiguity in the CKM angle /3 has also
been proposed [61].

The three angle distribution of an initially present (i.e. tagged) By meson is [56,57]

PT[B, (1) = /9> P $(— KEK )] - 9 2 cos? (1 — sin® 0 eos®
dcosOdydcosp o %{QMO(W cos” (1 — sin® 6 cos” )

+ sin? [|A‘|(t)|2(1 — sin® Osin? ) + | AL ()[? sin® 0 — Im (A] (£) AL (t)) sin 20 singo]

4 % sin2¢ [Re (43(8) 4)(8)) sin? O sin 2 + T (A43(¢) AL (1)) sin 20 cos ] } . (3.148)

Note that the same angular distribution (8.148) is also valid for By — J/¢(— £747)K*(—
K*7F). The angular distribution for the C'P conjugate decay is obtained simply by replac-
ing all A’s by A’s [57].

The time evolution of the observables in the angular distribution (the coefficients of
the angular terms in (8.148) and its C'P conjugate mode) are given in Table 8.2 and 8.3
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Observable |Time evolution
| Ao (t)]? |Ap(0)[? |e T2! — e T sin(Amit)d¢p
A |4 0)]? |eTet — e Tt sin(Am,t)d
AP AL [Tt + e sin(Am,t)og)

\_/v

Re(A5(t)4) (1)) || 40(0)]14;(0)] cos(3; — 61) 67Tt — e sin(Am,t)dg)
m(Aﬁ (t)AL(t)) |A\|(0)||AL(0)| [e_it sin(51 — Amst) + % (e—FHt — e_FLt) 005(51)5¢]
m( A5 () AL (1)) || A0(0)]| AL (0)] [e T sin(dy — Amst) + 5 (e T8 — e T2t) cos(0)dg|

Table 8.2: Time evolution of the decay B, — J/¢(—= 1717 )¢(— KTK™) of an
initially (i.e. at ¢ = 0) pure Bs; meson. Here I' = (T'g + T'1) /2.

Observable |Time evolution
| Ao (t)|? |Ag(0)|? [e T2t 4 e~ sm(Am t)dop
A (8) |4 (0)]* e T2t e sm(Am t)og
A #))2  [|AL(©0)? [e—FHt — e Ttgin(Amyt )5¢]
Re(Ay(£)A) () || Ao (0)[| 4y (0) cos (32 — b1) [e T2 + e T sin(Amt) 5o
T (A} (1A 1 (1)) |~ |4 (0)[| AL (0)] [e Tt sin(d) — Amyt) — § (7Tt — e7Tt) cos(d1)d¢)
T (A (1) A 1 (1)) | ~| Ao (0)||A 1 (0)] [e~ T sin(0 — Amyt) — § (7Tt — e7Tt) cos(9,)d9)

Table 8.3: Time evolution of the decay B, — J/¢(— 1717 )¢p(— KK ) of an
initially (i.e. at ¢ = 0) pure Bs; meson. Here I' = (T'g + T'z) /2.

respectively. Here 61 = Arg(A" A)) and d2 = Arg(AjA)). A finite lifetime difference AT’
implies that the C'P violating terms proportional to

(7Tt = e 121 cos(dy(z)) 06 (8.149)

survive even when the By is untagged [57,62]. An experimental feasibility study for extract-

ing the parameters from the time dependent three angle distribution has been performed
for the LHC in [63].

8.3.8 Angular moments method

The likelihood fit to the complete angular distribution (8.148) — including the time evolution
of the observables (Tables 8.2 and 8.3) — is a difficult task due to the large number of
parameters involved. The method of angular moments proposed in [57] can disentangle the
angular dependences and split up the likelihood fit into a number of likelihood fits with a
smaller number of parameters.

The angular distributions ((8.147) or (8.148)) are of the form

F(0,Pt) =3 bk (o), (8.150)
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where P represents the parameters, and ©® denotes the angles. If we can find weighting
functions w® such that

/[D@)] w(0) g*)(©) = i, (8.151)
then . .
b~ Y w@(e), (8.152)
events

and the observables are determined directly from the data. It can be shown [57] that such
a set of weighting functions exists for any angular distribution of the form (8.150) and such
a set can be determined without any a priori knowledge of the values of the observables
b . A likelihood fit can then be performed on each observable b(*) independently in order
to determine the parameters.

The angular moments (AM) method is more transparent and easier to implement than
the complete likelihood fit method. Although the AM method in its naive form involves
some loss of information, the extent of this loss of information in the case of the transversity
angle distribution has been found to be less than 10% in the parameter range of interest
(see Fig. 5 of [60]). In its full form, the AM method can determine the values of parameters
almost as well as the likelihood fit method (see, e.g. [64]).

To conclude, the angular analysis of By — J/1¢ decays can separate the C'P even
and odd components in the final state, and it is perhaps the best way to determine the
lifetime difference between BY and BL. As a byproduct, it also helps the measurement of
CP odd and even components and their relative strong phases, and with enough statistics,
the determination of Amg and d¢. The angular analysis, possibly employing the angular
moments method if the likelihood fit is inadequate, is highly recommended.

8.3.9 D°—D° mixing’
We define the mass eigenstates in D°—D° mixing as

|D1) = p|D°) + q|D°),
|Dy) = p|D°) — q/D°,  with |p|*+|g]* =1. (8.153)

g and p are obtained from the solution of the eigenvalue problem for M —iI'/2. In (1.61c)
q/p is determined in terms of Mjy and I'12. We define

Amp = mg — my, Al'p =T — Ty (8.154)
AmD AFD Fg - Fl
=TT b or or (8.155)

The definitions in (8.153) and (8.154) comply with the conventions of Sect. 1.3 for B® — BY
mixing. In particular the time evolution formulae of (1.58) - (1.60) are also valid for D°—D°
mixing with the replacement B° — D°. Unlike in the case of B — BY mixing we cannot

t Author: Ulrich Nierste
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expand in AT'p/Amp. We also refrain from expanding in a defined in (1.65). Then (1.73)
- (1.77) can be used for D° mesons, if 1+a in (1.74) is replaced by |p/q|? and 1 —a in (1.76)
is replaced by |¢/p|?. Note that the definition of yp in (8.155) is opposite in sign to the one
of y in the B meson system in (1.93). In (8.155) we have used the sign convention which
is usually used in DY — D" mixing. Since D°—D° mixing is very small, one can expand in
Ampt and Al'pt. Using zp and yp from (8.155) the small ¢ expansion of (1.73) - (1.77)
gives

T(D°(t) = f) = Ny|As2e ™28 |1+ (~-ImA;zp + ReApyp) Dt

A2 +1 AP -1
+<| f|4 y%Jr%x%)(rDt)?], (8.156)

2
S‘ [|Af|2 +(ImAszp +Redpyp) Tt

A2 +1 AP -1
+<| fl4 yg_%x@(%t)?], (8.157)

T(D°(t) = f) = Ny |4y "2t

_ _ 2 2 1 1
F(Do(t) — f) = Nf ‘AT‘ 6_FDt g‘ [|A7|_2+ (Im;ID‘f‘RG;yD) FDt
p 7 7
A2 +1 72 -1
+ (ff Y2 — f?x% (Tpt)?|, (8.158)
-0 — |2 -rpt 1 1
D(D°(t) = F) = Ny [A7] ™" |1+ ~Im—ap +Re —yp | It
7 7
A2+ 1 A2 -1
+< ! 1 g+ —L 7 22 | (Tht)?|, (8.159)

with I'p = (I'; + I'2)/2. Amp and Al'p are very small, because they are GIM-suppressed
by a factor of m2/M%,. For this reason they are also difficult to calculate, because at
scales of order m; non-perturbative effects become important. A recent calculation, which
incorporates non-perturbative effects with the help of the quark condensate, can be found
in [54].

8.3.10 New Physics Effects in Meson Mixing |

The existence of new physics may modify the low-energy effective Hamiltonian governing
B and D physics in several ways: (i) via contributions to the Wilson coefficients of the
Standard Model operators, (ii) by generating new operators, or (iii) through the presence
of new C'P violating phases. These effects may originate from new interactions in tree-level
meson decays or from the virtual exchange of new physics in loop-mediated processes. The

tAuthor: JoAnne Hewett
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scale of new physics is expected to be large compared to My, and hence it is generally
anticipated that additional tree-level contributions to meson decays are suppressed [65].
However, large new contributions may be present in loop processes, making meson mixing
a fertile ground to reveal the influence of new interactions. All three above classes of new
physics contributions may play a role in meson mixing. Such effects may be discovered
in observables which are suppressed in the Standard Model, such as the asymmetry a?s
measuring C'P violation in By, mixing or in DY meson mixing, they may modify the
mixing-induced CP asymmetries in B — ¥ Kg and B — 7 decays, or they may alter
the precisely calculated SM value of the ratio of Bs to By mixing. We will discuss each of
these observables in this section. The effects of new physics on meson width differences is
described in Sect. 8.3.2.2.

8.3.10.1 B,y Mixing

It is well-known that new physics can play a large role in By mixing. One important
consequence of this is that the constraints in the p — n plane from Amg can be altered,
resulting in a significant shift [66] of the allowed region in this plane from its Standard
Model range. This in turn modifies the expected values for sin 23 and sin 2«a, even if new
sources of C'P violation are not present. In fact, this comprises the most significant effect
from new physics on the C'P asymmetries in B — ¢ Kg and B — 7w decays in a large class
of models.

A model independent determination of such effects has been presented in Ref. [67]. New
physics contributions to By mixing can be parameterized in a model independent fashion
by considering the ratio

0(qyfull| ;30

(ByH 1B) _ (ra ewd)Q, (8.160)

(Bg|HM|By)
where WM represents the Hamiltonian responsible for B; mixing in the case of the
Standard Model plus new physics (just Standard Model), and r4(6;) represents the new
physics contribution to the magnitude (phase) of By mixing. In the Standard Model, the
unitarity triangle is constrained by measurements of sin 23, sin 2¢, the ratio of semileptonic
decays I'(b — ufv)/T(b — cfv), and z4 = C;R?, where R, is defined in Section 8.3.1.These
quantities are then modified in the presence of new interactions via ayxy = sin(25 + 26,),
arr = sin(2a — 204), and x4 = CtR?rﬁ. Note that the new phase contributions in a,xg
and a,; conspire to cancel in the triangle constraint and the relation a4+ 8 + v = 7 is
retained.Measurement of these four quantities allows one to disentangle the new physics
effects and fully reconstruct the true unitarity triangle (i.e., find the true values of «, £,
and R;) as well as determine the values of r4 and 6; in a geometrical fashion. This is
depicted in Fig. 8.5. While this technique is effective in principle, in practice it is limited by
theoretical uncertainties in x4, a, and the ratio of semileptonic decays, as well as discrete
ambiguities.

Model independent bounds on new physics contributions to By mixing can also be
directly placed from measurements of Amg and sin 2. In the class of models which respect
3 x 3 CKM unitarity, where tree-level B decays (in particular their phase) are dominated
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Figure 8.5: The model independent analysis in the p — n plane: (i) the ayx ray,
(ii) the ar, circle, (iii) the z4 circle, (iv) the semileptonic decay ratio circle. The vy
ray is given by the dashed line and the true J ray corresponds to the dotted line.
The true vertex of the unitarity triangle is at (p,n), while the point (p',n’) serves
to determine r4 and 6.

by the SM, and where T'j5 ~ I‘%\/I, the new physics effects in By mixing can be isolated.
The modification to M75 can then be described as above in terms of r4,6;. The direct
determination of Amg provides a bound on the magnitude of new physics contributions,
rq, while measurement of sin28 constrains the new phase ;. Taking into account the
uncertainties on the values of the relevant CKM factors and the hadronic matrix elements,
present data constrains 0.5 < ry < 1.8 and sin260; > —0.53 at 95% C.L. It is clear that large
contributions to By mixing from new interactions are still allowed, and may hence admit
for an exciting discovery as future measurements improve.

We note that another useful parameterization of new physics contributions which is
common in the literature is given by

MNP = helo MM, (8.161)
where these variables are related to the previous ones via

re?ifs — 1 4 p el (8.162)
Constraints on this set of parameters from current data is presented in [68] in various classes

of models.
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These parameters can be related to new physics contributions in other observables. For
instance, the C'P asymmetry in flavor-specific By decays (see Sect. 8.3.3), which is given by

af =TIm 2 (8.163)

and has a value of —8 x 10~* in the Standard Model (see (8.138)), provides a good oppor-
tunity to probe the existence of new interactions. Since I'Yy/M{, is essentially real in the
Standard Model, the contributions of new interactions to the flavor-specific C'P asymmetry

can be written as
rd in 26
af = — < 12 ) il (8.164)
M) o Td

The above bounds from present data on the new physics contributions to By mixing restrict

d

a
21< — B <40. 8.165
~ (Ty/M)sm — ( )

It is important to note that a‘fis can lie outside this range, if new new physics enhances I'%,,
which is composed of CKM-suppressed decay modes.

There are a plethora of new physics scenarios which can yield substantial contributions
to By mixing; some examples are briefly cataloged here. Models which respect the structure
of the 3 x 3 CKM matrix contribute simply to the Wilson coefficient of the Standard Model
operator. This is best illustrated by the virtual exchange in the box diagram of charged
Higgs bosons which are present in flavor conserving two-Higgs-doublet models [69] and by
the contributions of supersymmetric particles [70] when a Standard Model-like super-CKM
structure is assumed.If the super-CKM angles (f/) are allowed to be arbitrary, the structure
of the Wilson coefficients are altered. In this case, the supersymmetric amplitude relative
to that of the Standard Model is roughly given by ~ (MW/ﬁL)”(‘?,ngzb/WdV}b) and can
constitute a flavor problem for Supersymmetry if the sparticle masses, 7, are near the
weak scale. The existence of a fourth generation would also modify the CKM structure of
the Wilson coefficients. New |AB| = 2 operators are generated in scenarios [71] such as
Left-Right Symmetric models, theories of strong dynamics, as well as in Supersymmetry.
Tree-level contributions [72] are manifest in flavor changing two-Higgs-doublet models, in
scenarios with a flavor changing extra neutral gauge boson, and in Supersymmetry with
R-parity violation.Most of these examples also contain new phases which may be present
in By mixing. It is interesting to note that various forms of Supersymmetry may affect By
mixing in all possible manners!

While it is possible to obtain large effects in By mixing in all of these scenarios, it is
difficult to use Amg at present to tightly restrict these contributions and constrain the
parameter space in the models, due to the current sizable errors on the Standard Model
theoretical prediction arising from the imprecisely determined values of the CKM factors and
the hadronic matrix elements. Frequently, other flavor changing neutral current processes,
such as b — s, provide more stringent constraints.
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8.3.10.2 B, Mixing

A similar analysis as employed above may be used to constrain new physics contributions
to B mixing. In the class of models which respect the 3 x 3 CKM unitarity and where tree-
level decays are dominated by the Standard Model contributions, we can again parameterize
potential new contributions to Amyg via Mys = (rse?)2MM. This gives

2 p2 2
Amd:)\Rthdr_d

8.166
Amg 2 mp, r2’ ( )
which reduces to the Standard Model expression when r4; = r;. The parameter 8; can be
constrained once C'P asymmetries in the B, system are measured or, if 65 is large, from
measurements of AT’y as described in Sect. 8.3.2.2.

As discussed above, the ratio Amg/Amy yields a good determination of the CKM ra-
tio |Viq/Vis| within the Standard Model, since the ratio of hadronic matrix elements is
accurately calculated in lattice gauge theory. Remarkably, this remains true in many sce-
narios beyond the Standard Model. In a large class of models which retain the 3 x 3 CKM
structure, the virtual exchange of new particles in the box diagram alters the Inami-Lim
function, but not the remaining factors in the expression for Amg,. The effects of new
physics thus cancel in the ratio. As an explicit example, consider charged Higgs exchange
in the box diagram within the context of two-Higgs-doublet models. The expression for the
mass difference in By mixing in this case is

G3 My,
Amg = 62

= Amg &

fo.Banpms, [VaVil® [S(m} /M) + F(m} fm3, tan 8) |

mBs |‘/ts|2

, 8.167
de |V;fd|2 ( )

where m g+ represents the charge Higgs mass and tan § is the ratio of vevs. Here, we see
that the charged Higgs contribution is the same for B; and Bg mixing (neglecting d- and
s-quark masses) and thus cancels exactly in the ratio. This cancellation also occurs in
several other classes of models, including minimal Supersymmetry with flavor conservation.
Notable exceptions to this are found in models which (i) change the structure of the CKM
matrix, such as the addition of a fourth generation, or extra singlet quarks, or in Left-
Right symmetric models, (ii) have sizable Yukawa couplings to the light fermions, such
as leptoquarks or Higgs models with flavor changing couplings, or (iii) have generational
dependent couplings, including supersymmetry with R-parity violation.

8.3.10.3 Mixing in the Charm Sector

The short distance Standard Model contribution to Amp proceeds through a W box di-
agram with internal d, s, b-quarks. In this case the external momentum, which is of order
m., is communicated to the light quarks in the loop and can not be neglected. The effective

Hamiltonian is
Ac=2 _ Gra * 12078y _ 278 ) * 2070y _ . 27b
Heff - 8\/§$ |V08Vus| (Il o mcIQO)+ |VcbVUb| (I3O mcI4O) ) (8'168)
w
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Figure 8.6: Amp in (a) the four generation Standard Model as a function of the
appropriate 4 x 4 CKM elements, taking the b’-quark mass to be 100, 200, 300, 400
GeV from top to bottom, (b) the two-Higgs-doublet model II as a function of
tan f = vy /vy with mg+ = 50,100, 250, 500, 1000 GeV from top to bottom, and (c)
the flavor-changing Higgs model with tree-level contributions as a function of the
mixing factor, with myo = 50,100, 250, 500, 1000 GeV from top to bottom.

where the IJ'-I represent integrals [73] that are functions of m2/Mf, and m2/m?, and O =
[@y,,(1 — 5)c]? is the usual mixing operator, while 0" = [&y, (1 + 75)c]* arises in the case of
non-vanishing external momentum. The numerical value of the short distance contribution
is Amp ~ 5 x 107" GeV (taking fp = 200 MeV). The long distance contributions have
been computed via an intermediate state dispersive approach and in heavy quark effective
theory, yielding values [74] in the range Amp ~ 107!7 — 10716 GeV. The Standard Model
predictions are clearly quite small and allow for a large window for the observation of new
physics effects.

Since the Standard Model expectation is so small, large enhancements in Amp are
naturally induced by new interactions. A compilation of such effects in various models
and list of references can be found in [75]. This article shows that the present experimental
bound on D-mixing already constrains the parameter space in many scenarios, and an order
of magnitude improvement would exclude (or discover) some models. Here, for purposes of
illustration, we present the potential enhancements that can occur in three scenarios [66].
We examine (i) the case of a fourth generation to demonstrate the effect of heavy fermions
participating in the box diagram, (ii) the contributions from charged Higgs exchange in
flavor conserving two-Higgs-doublet models, which is often used as a benchmark in studying
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new physics, and (iii) the tree-level contributions in flavor-changing Higgs models, where the
flavor changing couplings are taken to be Ajor,r, ~ (\/ﬁGF)I/Q\/WAZ-j with A;; being a
combination of mixing angles. The mass difference as a function of the model parameters is
shown in Fig. 8.6 for each case. We see that in each case the parameter space is already
restricted by the current experimental value, and that an improvement in the bound would
provide a sensitive probe of these models.

8.4 Interesting decay modes |

In this section we list the decay modes which are useful for the determination of Amg,, AT,
and B meson lifetimes. Flavor-specific decay modes are summarized in Table 8.4, CKM-
favored decays into C'P eigenstates are listed in Table 8.5 and decays which are neither
flavor-specific nor C' P-specific can be found in Table 8.6.

quark decay‘hadronic decay ‘remarks
b— E€+l/g des — D(s)ferVg

Bd,s — X€+l/g
b — cud|By — DX gt
By — D®—gtrta—
By, — D* ntpta 0
By — DWW [ Ktn~ or Ktnta~n~|BR(p® — 77 77) = 100%.

or K&+~ 7, ete.] The D™)° must be detected in a,
final state f such that D®*)0 —
f is forbidden or suppressed.

B, — D) =nt

B, — Dg*)_w"‘w"‘w_

Bs — D rtataql

By - DWKg [ Ktn~ or Ktatn o
or K®*T0—7, ete.]

b— ¢cs|By — YK tn~ mainly By — ¢ K®) [ KT7]
By — D&+ p-
b — ¢cd|By — WK~ nt mainly B, — ¢ K™ [ K~ 77]
B, — DD+
b—¢X|B; — DX small contamination from
b — ¢cd

Table 8.4: Interesting flavor-specific decays.

fAuthor: Ulrich Nierste
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quark decay ‘ hadronic decay

‘ remarks

b — cud|Bg — D00 [— poKs or KK or mm ]

By — DOOntn— [ pgKg or KK or ntm™]

B; — DUKg [ pgKs or KK or nwtm]

The D™ must be detected
in a C'P-specific final state f
(hence D™ — f is equally
allowed).

This decay mode has color-
unsuppressed contributions.

b — ¢cs|Bg — VKg
By — $pKsp°

Bq — $¢Kg or pKgp"
By — Y¢K* [— KgmV)

By — DS+DY-Ky

By = .

By, —» KK or yK*K*

Bs = ¢¢é

Bgs — 9m

Bs — ¢

B, — D D;

B, — Dt D*—

By — DM+ DE = op DEODH)0

The B, can decay into the
same final state Kgp".
Angular analysis separates
C P-eigenstates.

Angular analysis required.
Angular analysis required,
70 is problematic.

Angular analysis required.
Angular analysis required.
Same remark

Same remark.

Angular analysis required.
Non-spectator decays.

Bs = ¢ f C P-odd final state.

Bs — xc¢ CP-odd final state.
b — ¢cd|B; — DTD~ C P-even final state.

B, — D*tD*~

Bq — p°

Bs — T/JKS

By — Y Kgn® Mainly

B, = K™ [ Kgn0].

Table 8.5: Interesting CKM-favored decays into C'P-eigenstates.

quark decay ‘ hadronic decay

‘ remarks

b — ¢c5|Bs — K K* combined with ¢y K*K

angular analysis plus
analysis analogous to
Bs; — DFKT required.

Table 8.6: Interesting CKM-favored decays into C'P non-eigenstates accessible to

B and B.
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8.5 Introduction and Physics Input for CDF

This section summarizes technical issues and physics inputs that are relevant to mixing and
lifetime measurements at CDF. The CDF detector improvements that are critical for these
measurements are the following :

1. The Level-1 and Level-2 trigger systems have been upgraded to allow triggers on high
momentum tracks at Level-1, using the central drift chamber (“XFT”), and on large
impact parameter tracks at Level-2, using the silicon vertex detector (“SVT”). This
in turn allows CDF to trigger on all-hadronic decays of b hadrons, such as B; — Dg.
Extensive simulations, together with run I data, have been used to estimate trigger
rates and event yields for the analyses discussed below.

2. The silicon vertex detector has been upgraded for improved silicon tracking and ex-
tended fiducial coverage. This upgrade is most relevant to analyses which depend
critically on vertex position resolution, in particular the measurement of B; mixing.

3. The CDF muon system has been upgraded to allow extended fiducial coverage and
lower trigger thresholds. The increase of the fiducial volume is treated as a simple
scale factor for all analyses using muons; the change in trigger threshold applies to
the analysis of central di-muons only.

The basic information needed to make projections for Tevatron Run II is the event yield
for the b hadron decay channels in question. Projections are relatively simple for channels
obtained from lepton triggers using extrapolations from the Run I data. An example of
this scaling is given in 6.2.2. The projections for channels which are triggered by the newly
implemented displaced track trigger system, often referred to as the hadronic trigger, are
more difficult and are based primarily on simulations.

The CDF trigger system is organized in three levels of which only the first two are
simulated for the following studies, since the third level should not reject good signal events.
In addition to the trigger simulation, physics inputs are needed for the total B cross sections
and production and branching fractions. Both the physics inputs and the description of the
trigger simulation are given below. Some of the issues are already partially covered in the
CP violation chapter in Section 6.2.2. Here the emphasis is mostly on the hadronic trigger.

8.5.1 Physics Input

The Monte Carlo program Bgenerator [76] is used to generate b hadrons; it parameterizes the
pr and y distributions for b quarks according to next-to-leading-order calculations [77]. The
b quarks are fragmented into b hadrons using the Peterson [78] function with a fragmentation
parameter value of €, = 0.006. The CLEO Monte Carlo Program QQ [79] is used to decay
the b hadrons. Events generated with Bgenerator contain particles only from the decay of
the b hadrons, and do not include particles produced in the b quark fragmentation or the
underlying event from the pp collision.
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Quantity Value Reference
B(D+ — ¢m) (3.6 £0.9) x 1072 [82]
B(D} — KTK*) (3.3+£0.9) x 1072 [82]
B(D+ — rtrta) (1.0+£0.4) x 1072 [82]
B(D’ — K—nt) (3.85£0.09) x 1072 [82]
B(D? —» K—ntrtna™) (7.6 £0.4) x 1072 [82]
B(Al — pK 7) (5.0 +£1.3) x 1072 [82]
B(Af = Antr—nt) (3.3+£1.0) x 1072 [82]
B(A — pr™) (63.9 £ 0.5) x 1072 [82]
B(4(1020) - KTK™) (49.1 £0.8) x 1072 [82]
B(K*(892) — K) 1 [82]
Ia, (0.116 £ 0.020) x 102 [82]
fs/(fu+ fa) (0.213 £ 0.038) x 1072 [81]
ol (pr(BY) > 6 GeV; |y| < 1) (3.52+0.61)ub  [80]

Table 8.7: Physics input used for event yield estimates.

Quantity Value Reference

B(Bs; — Dgmr) (3.0 £0.4) x 102 from BY [82]
B(B; — Dgrrrr) (8.0 £2.5) x 1072 from BY [82]
(Bs — DsDs) (8.0 43.0) x 1073 from BY [82]
(Bs — D:Dg) (2.0 £0.6) x 10~ 2 from BY [82]
(Bs — D:D?) (2.040.7) x 1072 from B [82]

UJDUUJ

Table 8.8: Branching fraction estimates for By decays.

The overall production cross section is normalized using the CDF measurement for
0 production with pr > 6 GeV, |y| < 1 [80]. The B, and A, production fractions in pp
collisions are based on the CDF measurement of fs/(f,+ fq) [81] and the world average value
for fa,, respectively. Assuming the b hadron production spectra follow the distributions
from [77], and using the CDF measurement from Reference [80], a total production cross
section for B mesons of 50.1 ub is obtained. Table 8.7 lists the measured rates and
production fractions assumed in the CDF analyses, together with the relevant hadronic
decay branching fractions that are known. In addition, we have estimated the branching
fractions for b-hadron decays that have not been measured directly, using various symmetry
assumptions as described below.

Branching Fraction Estimates Since many of the hadronic decay channels have so
far not been measured or even observed, certain branching ratios have to be estimated.
This is relatively simple for B, decays, using related B° decay modes. These estimates are
summarized in Table 8.8. The related uncertainties should be small, on the order of roughly
10% in the form factors or 20% in the event yields.

For Ay baryons the situation is more complicated. Several patterns arise when comparing
bottom and charm branching fractions, as well as meson and baryon branching fractions.
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The most important is the fact that the branching fractions of B mesons are often quite
small compared to those of the corresponding D decays. For instance

B(B® - D7) = (3.0+£0.4) x 1073,
B(D® - K~ 77) = (3.83 £0.09) x 1072. (8.169)

Comparing the two gives a B to D ratio of 0.08. One might suppose, neglecting that ¢ — s
involves a light quark, that the widths of these modes would be similar, but the total widths
reflected in the mean lifetimes are different. Moreover, the b sector involves considerably
more decay channels. The semileptonic decays, however, remain qualitatively different, and
do not scale in the same way.

A similar pattern for the hadronic decay modes may reasonably be expected for baryons.
Indeed, in the one hadronic branching fraction measured for the A, we have:

B(Ay — J/YpA) = (4.7 +£2.8) x 1074,
B(A} — pK*®) = (1.6 £ 0.5) x 102,
B(AS = pp) = (1.24+0.5) x 1072 (8.170)

In comparing the A} branching fraction to the A, branching fraction, it is assumed that
virtual W~ — @s occurs about as frequently as W~ — wd. The A, to Al ratio is about
0.03 when comparing to A} — pK*?. A similar comparison can be made with the second
A} decay mode, which, aside from the |V,/Vyq|? factor, is most similar to Ay, — J/9A;
the ratio is about 0.02. However, since applying this factor to a color-suppressed mode is
problematic, the first ratio is preferred

ghe = 0.03 (8.171)

to multiply A hadronic branching fractions to obtain estimates of corresponding A, frac-
tions.

Another difference between charm and bottom decays is that the bottom hadrons can
avail themselves of the virtual W~ — ¢s transition which is disallowed for charm decays.
The ratio of branching fractions for an external W~ — ¢s to W~ — ud is similar to the
ratio of the square of the decay constants

o\’ 280 MeV \ 2
2 D
9D <f7r+ <13o.7 Mev> ! (8.172)

the effect of which is seen in comparing branching fractions of B — D~DJ and D~ nt,
with the usual caveats.

Adding a 777~ to the final state of a decay mode tends to result in a larger branching
fraction. This effect is observed in the mesons, but the ratio calculated among A} modes
is preferred because of the different baryon structure:

B(Af = Artrtr™) 3.3

=S =37, 8.173
B(AF — Art) 0.9 (8.173)

9 =
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Ay decay A, decay B(A]) estimate B(A,) estimate
Afm Ar™t b1 = (9.0£2.8) x 102 b1gpe 2.6 x 10%
Afr=ntr= Antr—at by = (3.3+£1.0) x 1072 bagye 9.7 x 1074
pDY7~(nr) pK—nt(nr) b3 = (2.8 £0.8) x 1072 b3gpe 8.2 x10~*
pK~ b1gbeghugrr 8.1 x 107°
pT b19bcGbu 2.0 x 107°
prwtwT b2GbeGiu 7.4 %1076

Table 8.9: Branching ratio estimates for A, decays using scale factors described
in the text.

Another factor is used to estimate the branching fractions where the external W yields
a Dt rather than a D}. Here the B? branching fractions are used
B(B® — DX~ D+ 1.0 4 2.0
( i) L0+20 (8.174)
B(BY — D®-DJ)  0.80+0.96

G =
A similar factor is obtained when comparing analogous decays with p™ and 7 final states
of BY decays. Decay modes such as A7 — Ap* have not been observed.

Once certain b — ¢ branching fractions have been estimated, they are scaled by
Gou = [Vap/Ves|* ~ 0.0077 (8.175)

to obtain estimates for corresponding b — wu transitions. Finally, the recently measured
branching fractions

BB® = ntr) = (43+£1.6) x 1079,

BB’ - Ktr ) =(1724+2.8) x 10°°, (8.176)

are used to estimate A, — pK~ from Ay, — pr~:

17.2
— =4 1
13 (8.177)

The resulting branching ratio estimates for the different A decay modes are summarized
in Table 8.9.

grK =

8.5.2 Detector Simulation

Hadronic Trigger Only The Level-1 track trigger is based on a set of kinematic cuts
originally developed for two-body decays of neutral B mesons. The Level-1 triggering
algorithm is therefore based on pairs of XFT trigger tracks. To reduce the background of
inelastic collisions relative to B hadron production, only track pairs in which both tracks
have transverse momentum pr greater than a specified value are considered. Because of
the time that would be spent on combinatorics, an event with more than six such tracks
passes Level-1 automatically. For real B® and B? decays of interest, the two highest pr
tracks are correlated in angle and generally have opposite charge; consequently, the Level-1
requirements are chosen as follows:

REPORT OF THE B PHYSICS AT THE TEVATRON WORKSHOP %&



390 CHAPTER 8. MIXING AND LIFETIMES

Bs decay €L1 €L2Bs €L2Bd €L2Tot  €fid NRunll
B, — Dgm 0.025 0.0045 0.0029 0.0050 0.0027 36900
Bs — Dgmr 0.018 0.0032 0.0018 0.0033 0.0011 38300
Bs — D,Ds 0.019 0.0035 0.0015 0.0037 0.0014 2500
By, — D;D, 0.016 0.0031 0.0011 0.0032 0.0013 5700
B, — D:D; 0.014 0.0030 0.0011 0.0031 0.0012 5200

Table 8.10: Event yields for hadronic B, decays relevant for C'P violation and AT,
measurements. Only the feasible D, decays to ¢w, K*K and wnm are considered.

Ay (sub)decay €L1 €L2Bs €L2Bd €L2Tot  €fid NRunll
Ay — Ajﬁf (AZr —>pK77T+) 0.026 0.0040 0.0029 0.0045 0.0031 2400
Ay — Aj’ﬂ'_ﬂ""ﬂ'_(A;" —>pK_7r+) 0.017 0.0024 0.0014 0.0026 0.0012 3400
Ay — pD07r7 (DO — K77T+) 0.029 0.0043 0.0036 0.0048 0.0032 6100
Ay — pD°7=(D° — K—7tx=7t) 0.020 0.0028 0.0018 0.0030 0.0012 4300
Ay — pr— 0.056 0.0054 0.011 0.011 0.011 1300
Ay = pr—mta~ 0.030 0.0041 0.0032 0.0046 0.0030 1300
Ay — pK~ 0.056 0.0053 0.011 0.011 0.011 5400

Table 8.11: Event yields for most sizeable hadronic A, decays.

two tracks having opposite charge
individual track pr > 2.0 GeV/c
pr, 1 +pr,2 > 5.5 GeV/c

d¢p < 135 deg

The Level-2 trigger is based on tracking information provided by the SVT [83,84]. One
application for the hadronic b trigger is the decay B® — 7t7~, where the two pions give
oppositely-charged tracks with high transverse momenta and large impact parameters. The
trigger is also used to select other multibody hadronic b decays, but due to the different
kinematics of these decays, the Level-2 selection criteria are modified to optimize the effi-
ciencies [84]. An event passes the Level-2 track trigger if it satisfies either option A) or
option B)

A) Multi hadronic B trigger B) Hadronic pair trigger
e 120pm < |dp| < lmm e 100pm < |do| < lmm
e 2deg < d¢p < 90deg e 20deg < §¢p < 135 deg
e pr- Xy, >0 e pr- Xy, >0

e dop < 140pm

For an event to be useful in offline analysis after it passes the trigger, all the b hadron
decay products have to be reconstructible in the detector. The requirement for a b hadron
to be considered reconstructible in this simulation is that all its stable, charged daugh-
ter particles are within || < 1 and have transverse momenta greater than 400 MeV/c.
These requirements are probably conservative in two ways: first, track reconstruction in

%% REPORT OF THE B PHYSICS AT THE TEVATRON WORKSHOP



8.5. INTRODUCTION AND PHYSICS INPUT FOR CDF 391

Run IT will be possible over a larger n range; stand-alone silicon tracking will probably
be possible up to |p| < 2. Second, the reconstruction efficiency for the COT will be
similar to that for the CTC during Run I. The efficiency for track reconstruction in the
CTC extended down to pr ~ 200 MeV /c and rose over the transverse momentum range
200 MeV /e < pr < 400 MeV /¢, reaching about 93% for tracks with pp > 400 MeV /c.

Applying the trigger to various B and A decays, we estimate the event yields at the
two trigger levels. A summary of these estimates is given in Tables 8.10 and 8.11 for B
and Ay, respectively.

Hadronic Trigger Combined with Lepton Apart from the purely hadronic trigger
there is the possibility of using the hadronic trigger in conjunction with the lepton triggers.
Therefore, a single lepton requirement is combined with the requirement of a displaced track
in the SVT. This trigger option is studied for the semi-inclusive B; — v£D;X sample.

The additional requirement of a displaced track allows a lower threshold for the lepton
momentum, while keeping the trigger rate at a reasonable level. The trigger cross section
for an 8 GeV inclusive electron trigger would need to be prescaled in Run II. However, it is
possible to lower the cross section for a 4 GeV electron trigger below 100 nb by adding the
displaced track found by SVT with pr > 2 GeV/c and dy > 120 pm.

Since Run I data are considered to be most reliable for predictions, the signal yield
for Run II CDF is obtained by scaling the Run I analysis results with the ratio of the
acceptances between Run I and Run II. The acceptance ratio between Run I and Run IT is
obtained using a Monte Carlo sample of semileptonic B decays containing a Ds. The SVT
tracking efficiency is assumed to be ~ 75% per track, or 56% for 2-tracks.

The ¢ + D, sample composition is assumed to be,

e eDs: pDg = 50% : 50%
e By, =+ {tvD,: lvD} : lvDy* =2:5: 05 D?* usually decays to D%+

The Er and SVT dy resolutions are taken to be of 14%/+/ET and 35 pm, respectively. All
tracks (¢, K, and 7) are required to have pp > 400 MeV /¢, and to be in the fiducial volume
of the tracking detector. The silicon vertex detector coverage is |z| < 30 cm in Run I and
|z| < 45 cm in Run II. The standard analysis Run I cuts are applied to the final state
particles, namely pr(K) > 1.2 GeV/c, pr(r) > 0.8 GeV/c, and 3 GeV/c?2 < M(¢D;) <
5 GeV/c2.

The event yields for different lepton pr values are summarized in Table 8.12, which shows
signal yields per 2 fb~!. Choosing a value of 3 GeV/c lepton pr, roughly 40k semileptonic
By decay are obtained in 2 fb~! of integrated luminosity.

Rate Estimates — Hadronic Trigger Because the trigger rates depend on the way
in which the Tevatron is operated in Run II, different XFT trigger cuts were considered
for three different running scenarios. Scenario A corresponds to a luminosity of less than
1 x 10%? cm2s~! with collisions every 396 ns, while scenarios B and C correspond to
luminosities of 1 — 2 x 1032 cm™2?s~! with collisions every 132 ns and 396 ns, respectively.
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Trigger Run IT/Run I Ngyn 11
8 GeV/ 1.0 14000
2 GeV/l + SVT 5.9 64000
3 GeV{ + SVT 4.0 43000
4 GeVl + SVT 2.7 30000
5 GeV/l + SVT 1.9 21000

Table 8.12: Event yields corresponding to 2 fb~* for semileptonic B decays (Bs —
vlD;X) for different lepton pr trigger thresholds.

Scenario A Scenario B Scenario C
L <1x10%cem s 1 1-2x 102 ecm s 1-2 x 10%? em 15!
BX interval 396 ns 132 ns 396 ns
pg),pg) >2 GeV/c > 2.25 GeV/c > 2.5 GeV/c
pgpl) —l—pg) > 5.5 GeV/c > 6 GeV/c > 6.5 GeV/c
0 < 135° < 135° < 135°
cross section 252 £ 18 pb 152 + 14 ub 163 + 16 ub

Table 8.13: Level-1 XFT trigger cuts and cross sections for the three Tevatron
operating scenarios considered.

The cuts considered for each scenario are listed in Table 8.13 along with the total cross
section. These expectations were derived using tracks recorded in Run I with additional hit
occupancy close to the beam axis generated using the MBR, [85] Monte Carlo program. The
trigger cuts provide trigger rates which are compatible with the total Level-1 bandwidth of
approximately 50 kHz.

At Level-2, the impact parameter information associated with the tracks is available,
and the cuts described above are used to select b hadron decays. The requirements are
that the impact parameters of both tracks satisfy 120 pm < |d| < 1 mm, that their point
of intersection occurs with a positive decay length, and that their opening angle is further
restricted to d¢ < 90°. The trigger cross sections are reduced to approximately 489, 386 and
283 nb for scenarios A, B and C, respectively, and produce Level-2 trigger rates between
38 Hz and 67 Hz. This is well within the available Level-2 bandwidth of 300 Hz.

For efficiency estimates in the sections below, scenario A has been chosen. When imple-
menting trigger option B the numbers of expected events do not vary significantly compared
with the uncertainties quoted above. The trigger scenario C is not likely to be implemented,
asssuming that the Tevatron will be upgraded to 132 ns bunch spacing.
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8.6 Projections for Am

8.6.1 B, mixing measurement at CDF T

The probability that a Bs; meson decays at proper time ¢ in the same state, or has mixed
to the B, state is given by

Punmix(t) = = (1 + cos Amgt) |

N = DN =

Phix(t) = = (1 — cos Amgt) (8.178)

where the mixing frequency, Amg, is the mass difference between the heavy and light C P
eigenstates.

The canonical B; mixing analysis, in which oscillations are observed and the mixing
frequency, Amg, is measured, proceeds as follows. The B; meson flavor at the time of
its decay is determined by reconstructing a flavor specific final state. The proper time,
t=m BgL/pc, at which the decay occurred is determined by measuring the decay length,
L, and the B; momentum, p. Finally, the production flavor must be tagged in order to
classify the event as being mixed or unmixed at the time of its decay. Oscillations manifest
in a time dependence of, for example, the mixed asymmetry:

Nmixed (t) - Nunmixed (t)
Nixed (t) + Nunmixed (t)

Amix(t) = (8.179)

In practice, the production flavor will be correctly tagged with a probability Pi,, which
is significantly smaller than unity. The functional form of the mixed asymmetry follows

Anix(t) = —D cos Amgt (8.180)

with the dilution, D, related to Pae by D = 2P;,s — 1. The mixing frequency is determined
for example by fitting the measured asymmetry to a function of this form.

So far, B oscillations have not been observed experimentally, and the lower limit on z;
is above 15. This means that By mesons oscillate much more rapidly than B° mesons. The
rapidity of the Bj oscillation implies a significant difference in the experimental requirements
for the BY and B, analyses. The limiting factor in B® mixing analyses is solely the effective
tagging efficiency, which is equivalent to the effective statistics. In B, mixing measurements
the resolution of the proper time becomes another very critical issue. To determine the
proper time, not only the positions of primary and secondary vertices have to be measured
precisely, but also the measurement of the B; momentum is crucial. Therefore, it is desirable
to have fully exclusive final states such as By — Dgw(Ds — ¢m, ¢ — KK). Semileptonic
B; decays have the intrinsic disadvantage that the neutrino momentum is undetected.

In Run I CDF reconstructed 220 and 125 B semileptonic decay events with fully recon-
structed Dy — ¢ and Dy — K*K channels, respectively, in low pr (> 8 GeV/c) inclusive

tAuthors: M. Jones, Ch. Paus, M. Tanaka.
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lepton (e and p) trigger samples [89]. An additional 600 semileptonic By decays were used,
reconstructed in the Dy — ¢X + track channel. Those events were part of the dilepton
(up and ep) trigger samples, where the second lepton was used for the B flavor tag. The
best limit on xs was given by the dilepton trigger dataset [90].

In Run II much more statistics will be available using the lepton trigger, the lepton
trigger plus one secondary vertex track and the all hadronic trigger. From the event yield
estimates in Tables 8.12 and 8.10, we expect 40k events in the lepton plus displaced track
and 75k events in the all hadronic trigger.

In the following four sections the measurements of B; mixing using semileptonic or
hadronic decays are discussed. Since the flavor tagging and the sensitivity estimates are
very similar for the semileptonic and hadronic B decay samples, they will be discussed
first.

8.6.1.1 Projections for Sensitivity to x,

The mixing frequency can be determined by calculating, for example, a maximum likelihood
function derived from the measured and expected asymmetries and minimizing this function
with respect to Amg. The significance of an observation of mixing is quantified in terms of
the depth of this minimum compared with the second deepest minimum or some asymptotic
value at large Amgs. To a good approximation, the average significance is given as

| NeD? 2y |
Sig(Am,) = 62 e~ (Amsoe)/2 SJFLB (8.181)

where N = S is the number of reconstructed By signal events, S/B is the signal-to-
background ratio, € is the efficiency for applying the flavor tag with associated dilution
D, and o, is the average resolution with which the proper time is measured. This defini-
tion is essentially the same as what would be used to define no confidence intervals for a
Gaussian probability density function.

Given estimates for these parameters, the limit of sensitivity is defined as the maximal
value of Am, for which the significance is above a specified value. The studies described here
use the canonical 5 standard deviations to define an unambiguous observation of mixing.
In the following sections the estimates for N, eD? oy and S/B are described.

8.6.1.2 Flavor Tagging Efficiency

In Run II, a Time-of-Flight detector will provide CDF with the ability to distinguish kaons
from pions at the 20 level below a momentum of about 1.6 GeV /c. This allows two new
flavor tags to be implemented which rely on the charge of kaons identified in the event to
tag the production flavor of the B;. As a summary, in Table 8.14 the tagging efficiency for
Bs; — Dg7 expected for Run II is compared to equivalent numbers obtained in Run I. We
compare the standard figure of merit for each tagger, namely eD?. The two additional kaon
taggers are briefly explained below.
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Method RunT - eD? Run IT — eD?

SLT 1.7% 1.7%
JQT 3.0% 3.0%
SST(kaon) 1.0% 4.2%
OSK — 2.4%
Total 5.7% 11.3%

Table 8.14: Comparison of the various flavor taggers in terms of the e D? parameter
between Run I and expectations for Run II. The most significant differences are the
kaon taggers based on the new Time-of-Flight detector.

Opposite Side Kaon Tag Due to the b — ¢ — s weak decays, B-mesons containing a b
quark will be more likely to contain a K~ in the final state than a K. As for all the other
opposite side taggers the determination of the quark flavor on the opposite side determines
the flavor on the vertexing side, since bb quarks are produced in pairs.

For the opposite side kaon tagging, kaon candidates are selected that are well separated
from the reconstructed B; decay. Kaon candidates coming from a b hadron decay are
separated from prompt kaons by requiring a large impact parameter. These requirements
are implemented by imposing an isolation cut of

ARyy = /A2 + Ag2 > 1 (8.182)

and a cut on the combined transverse and longitudinal impact parameters of

d2 22
2 0 0
=—+ >0 8.183
XdOZO ‘210 ZO ( )

Tagging the production flavor of the B using the charge of the kaon selected in this way
gives a contribution to the tagging efficiency of

eD? = (2.4 +0.2)%. (8.184)

Same Side Kaon Tag Same side kaon tagging in B decays is the equivalent of same
side pion tagging in B® decays. In the hadronization process, when a B, meson is produced,
an ss pair must be popped from the vacuum during fragmentation. The remaining s or s
quark is likely to join with a % or u quark to form a charged kaon. The charge of the kaon
thus depends on the flavor of the B, meson at production.

To estimate the eD? of the same side kaon tagging algorithm the same side pion tag-
ging algorithm is extended with particle identification using Time-of-Flight information. It
should be noted that eD? for this algorithm is strongly dependent on the momentum spec-
trum of the B; meson. Therefore, a rough simulation of the Level-1 and Level-2 triggers
are applied to the Monte Carlo sample. The B pr spectrum of this event sample peaks at
around 10 GeV/c, and eD? is estimated to be

eD? = (4.2 +0.3)%. (8.185)
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8.6.1.3 B, Mixing with Semileptonic Decays

As discussed in the introduction the key issue for semileptonic B decays is the resolution
of the proper time measurement. Including the estimates for flavor-tagged event yields, the
Zs sensitivity determination is straightforward.

Proper Time Resolution The proper decay time in semileptonic decays is derived as

follows

Ly(B)M(By) _ L(B)M(By) . . _ pr(tDs) (8.186)

pr(Bs) B pr(£Dy) B pr(Bs) ’

where the transverse decay length, L1 (B;s), and transverse momentum, pr(¢Ds), are mea-
sured from data. The K factor which is used as an average correction for the the incomplete
B; reconstruction is obtained from Monte Carlo samples, and M (Bs) is the B; mass [82].
The proper time resolution is given as

ct =

oK
Ot = Ot &t 7, (8187)
where the constant term (o4, ~ 60 fs) is due to the beam spot and the vertex detector
resolution, and the K factor resolution (0 K/K ~ 14%) is due to the momentum spectrum
of the undetected particles, namely the neutrino in the By decay or the photon/z” in the
subsequent D decay.
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Figure 8.8: K factor distributions after 3D vertexing correction with vertex de-
tector resolutions of o, = 60 fs and oy, = 50 pm.

The K factor depends strongly on the lepton + D; invariant mass, M (¢Dy); this depen-
dence is shown in Figure 8.7 for the Dy and D} channels. Since the invariant lepton + D
mass is measured, this dependence is corrected for on an event-by-event basis to improve
the K factor resolution.

For the B; — ¢{D;X, X = v + z channel, the following energy and momentum conser-
vation rules are given

Ep, = E,ps + Ex,
px = [Px|> = [PBs — Puns|” = Phs + Prns — 2PBsPubs €08 O, (8.188)

where O is the angle in the laboratory frame between the B, and ¢ + D directions, which
are obtained using the 3D vertex information of the Run II SVX. By assuming Mx = 0
the quadratic equation can be solved exactly. Notice that the equation gives generally two
solutions, K~ < K. The equation sometimes has nevertheless no physical solutions due to
the finite detector resolution. Furthermore, the equation does not give the correct answer
for the By — v D channel because of the missing photon, Mx = M, > 0.

The K factor distributions after all the trigger and offline selection cuts are shown in
Figure 8.8. A vertex resolution of oy, = 60 fs and o7, = 50 ym has been assumed. The
Dy and the D} channels are displayed in the upper and lower plots, respectively. The
probability for the quadratic equation to have a real solution is approximately 50 percent.
However, the correction still improves the K factor resolution if there is a physical solution.
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Figure 8.9: K factor and time resolution for By — fvDg decays.

Since the 3D vertexing correction strongly depends on the © resolution, it improves for
longer B, decay lengths. In Figure 8.9 the K factor and time resolutions are shown as
functions of the proper decay time for the Dy channel after the Myp, correction and 3D
vertexing correction.

To perform the 3D vertexing correction, it is assumed that the correct solution, K~ or
K™, is known, and that the M (£Dy) corrected K factor is used if there are no physical
solutions. The K factor resolution is significantly improved for the longer decay time
events. Both channels Dy and D} show similar results. Unfortunately, the improved K
factor resolution is not sufficient to greatly improve the sensitivity to z,; practically all of
the sensitivity comes from the very short decay length events.

Backgrounds In Runl the signal to background ratio in B, reconstruction in the semilep-
tonic channels was typically 1:1. Since the kinematics of the Run II event sample will be
somewhat different, a conservative signal to background ratio of 1:2 is assumed in the fol-
lowing.

Projected Sensitivity The parameters which influence the projected Bs mixing sensi-
tivity, calculated using equation 8.181, are summarized as follows:

N(Bs) : 43k see Table 8.12
eD? : 11.3% see Table 8.14
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Figure 8.10: Sensitivity for measuring zs using Bs semileptonic decays for the
hadronic two track trigger (left) and the lepton plus displaced track trigger (right).
The dashed lines show the significance after Myp, correction, the solid lines after
further applying the 3D vertex correction.

oy : see Figure 8.9
S/B :1:2 as explained above

The analysis described above for the 3 GeV/c lepton plus displaced track triggers can
easily be extended to the hadronic two-track triggers defined in Table 8.13, where the trigger
path is satisfied by a semileptonic decay; given the large (~ 20%) semileptonic combined
branching ratio, the hadronic trigger turns out to be highly efficient for semileptonic decay
modes. The significances for measuring s for the two-track trigger (left) and the lepton
plus displaced track (right) are shown in Figure 8.10. The dashed lines show the significance
after the Myp, correction, and the solid lines after the additional 3D vertexing correction.
The z¢ reach of the semileptonic decay sample is estimated to be about 30 for an observation
with five standard deviations. This is significantly less than that for the fully reconstructed
hadronic channels, which are discussed below, but it does provide an independent trigger
path.

8.6.1.4 B; Mixing with Hadronic Decays

The fully hadronic event sample is particularly important for By mixing analyses since the
fully reconstructed decays Bs — D, n" and B; — D, 77 7" have excellent proper time
resolution, much smaller than the expected period of oscillation.
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Proper Time Resolution The proper time of a B, decay is calculated from the measured
decay length, and the reconstructed Bs; momentum. The uncertainty on the proper time is

then given by
2 2
ar, op
=t = +=) . 8.189
ot \/( L ) ( P > ( )

To resolve the rapid oscillations of the By it is generally required that this resolution not be
significantly larger than the period of oscillation. For partially reconstructed semileptonic
Bg decays, the uncertainty in the momentum is the limiting factor in the mixing analyses.
However, for the fully reconstructed B decays obtained using the XFT+SVT triggers, the
momentum uncertainty will be less than 0.4%. This does not contribute significantly to the
overall proper time resolution and has been ignored in the projections described below.

Backgrounds To date, no hadron collider experiment has operated with a displaced track
based trigger. Hence, the level of backgrounds to be expected in the B; sample is uncertain.
Data recorded by CDF in Run I based on the single lepton triggers are used to study the
purity of the B signal after imposing the XFT and SVT trigger cuts on the opposite side
b hadron decays.

It has been observed that even a modest decay length cut suppresses the light flavor
contribution significantly. Therefore, the main concern is that the signal is not overwhelmed
by background from events containing real b- and c-quarks.

Because of the small branching ratios of the By — Dfn~, Dfrtn~ 7~ decays, few, if
any, such decays are expected to be present in the Run I data after imposing the XFT
and SVT trigger cuts. A similar set of cuts with higher efficiency was used to search for
the hadronic B and B™ decays in the Dr final states. As a result of those studies it
is concluded that a signal to background ratio of 1:1 should be achievable. To see the
dependence of the significance on this parameter, this ratio is varied between 1:2 and 2:1
in the following projections.

Projected Semnsitivity The parameters which influence the projected B mixing sensi-
tivity, calculated using equation 8.181, are summarized as follows:

N (Bg) = 75k see Table 8.12
eD? = 11.3% see Table 8.14
o = 0.045 ps
S/B=1:2-2:1 as explained above

The results are again presented in terms of the dimensionless mixing parameter z; =
Amgrp, where the By lifetime of 1.54 ps [86] is used. In addition to the analytic expression
for the sensitivity, Equation 8.181, an alternative analysis has been performed using a series
of simulated Monte Carlo experiments. The lifetime distributions of mixed and unmixed
decays are generated and the mixed asymmetry is fitted to Equation 8.180. An example
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Figure 8.11: Example of a single toy Monte Carlo experiment: the mixed asym-
metry distribution (left) and negative log-likelihood from the fit as a function of
(right)

of the mixed asymmetry distribution and the negative log-likelihood curve is shown in Fig-
ure 8.11. The negative log-likelihood curve is shown as a function of z,, obtained from
one of these Monte Carlo experiments. The comparison of the analytic expression with the
averages of many Monte Carlo simulations indicates that the analytic approximation is very
good.

The average significance for By oscillation measurements is shown in Figure 8.12. Var-
ious event yields and signal-to-background scenarios are considered. As stated above, the
default event yield is 75k events and the signal-to-background fraction is 1:1.

From the analytic expression, equation 8.181, the following 5 standard deviation sensi-
tivity limits are derived:

Maximum: 75k events g =

74 for S/B=2:1
69 for S/B=1:2

73 for 125k events

Maximum: S:B = 1:1 z, = { 59 for 25k events

The Monte Carlo samples give very similar results as indicated above. It is concluded that
even in the worst case the reach is x; ~ 60.

Fits to various experimental results which assume the Standard Model indicate that
22.0 < zs < 30.8 at the 95% confidence level [87]. If mixing occurs near the frequency ex-
pected in the Standard Model, it should be easily observable by CDF in Run II. Figure 8.13
(left) shows the luminosity required to achieve an observation with an average significance
of b standard deviations as a function of zs. The figure indicates that if mixing occurs
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Figure 8.12: Average significance of mixing measurements expected as a function
of the mixing parameter z for various event yields (left) and signal-to-background
ratios (right). The default is 75k events at a signal-to-background ratio of 1:1. The
shaded area is excluded by the combined world lower limit on zy.

within the context of the Standard Model, then it should be observed with a small fraction
of 2 b1, with CDF in a fully operational state.

While the significance of an observation of mixing is determined from the depth of the
minimum in the negative log-likelihood curve, the uncertainty on the measured value of z;
is determined by how sharp this minimum is. In the case of rapid oscillations, many periods
will be reconstructed over a few Bj lifetimes and the minimum is expected to be very sharp
leading to a small uncertainty.

The average uncertainty is described approximately by the analytic expression

1 2 S
— —V/NeD2¢ (@soe/T)/2, [~ 1
- eD?%e 5 (8.190)

The expected uncertainty from the analytic formula versus the mixing parameter, z;, is
shown in Figure 8.13 (right(). This formula is confirmed using a series of Monte Carlo
samples.

8.6.2 B, mixing measurement at DO '

The expected luminosity of the Tevatron, 2 x 1032 cm™2s™!, in Run II will lead to a huge
rate for bb production, ~ 10! events/year. These enormous statistics combined with the
upgraded detector will allow us to search for B; mixing. The resulting measurement of
Amg, when used to determine the ratio Amy/Amg using the well-measured value for Amyg,

T Authors: N. Cason, R. Jesik, and N. Xuan.
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Figure 8.13: Luminosity required to achieve a 5 standard deviation observation of
mixing (left) and the statistical uncertainty as a function of the mixing parameter,
xs (right). The curves on the right are calculated using Equation 8.190.

|2. This puts a precise constraint on

gives a theoretically clean measurement of |Viq|?/|Vis
the CKM parameters p and 7.

For B? mesons, existing data exclude small values of the mixing parameter z, =
Amg/Ts, requiring z5 > 19.0 at the 95% CL [82]. Consequently the mass difference Amy is
much larger than Amyg, and the B? — B_g oscillation frequency will therefore be much higher
than that for the BY. Excellent decay length and momentum resolutions are thus essential
in order to observe the rapid oscillations as a function of proper time.

Various decay modes of BY mesons are under investigation by the D@ collaboration.
Among them are:

B? = D, (K K n )nt, (BR = 1.1 x 107%),
B - D (K K'n )3, (BR =2.8 x 107%),
BY = J/p(utpete ) K*(KErT), (BR=5.1x10°%),
BY - D, (K K™n )tty, (BR = 1.1 x 10°%). (8.191)

Taking advantage of the good SMT resolution, we can select B decays by using displaced
secondary vertices or using tracks with large impact parameters. The B, final states will
be flavor tagged by the charge of the lepton, the charge of the reconstructed charm meson
or the charge of the kaon as appropriate.

The actual measurement strategy for z; will depend on the frequency of the oscillation.
For smaller oscillation frequencies, semileptonic B decays can be used. The lepton in the
final state provides an easy trigger, giving a large statistics sample. If nature cooperates, a
measurement in this range will come very early in Run II.
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Figure 8.14: Effective mass distributions for the reconstructed: (a) u™p~ system,
(b) 7T K~ system, and (c) pTp 7T K~ system. These distributions are prior to
using vertex and mass constraints.

For higher oscillation frequencies, the measurement becomes more difficult. Exclusive
decays must be used in order to achieve the necessary momentum (and therefore proper
time) resolution. Decays which D@ has focused on include: By — D, 7t (r "), where
the Dy decays to ¢m~ or K*"K°/K~K*%; and B, — J/¢yK*° followed by J/¢ — ete”
or ptp~ and K*¥ — K 7. We can only trigger on B, decays into fully hadronic final
states when the other B in the event decays semileptonically. Using single lepton triggers,
we expect to be able to collect about a thousand reconstructed exclusive B decays in each
mode in the first two years, allowing us to measure z values up to ~ 20 — 30. We are
presently investigating better trigger scenarios, such as lowering the pr threshold of the
lepton and requiring another moderately high pr track (or tracks), which would increase
our Amyg reach.

A Monte Carlo study of the B, — J/¢K*® decay has been carried out in order to
estimate the number of events which will be in a data sample based on a 2 fb~! exposure.
We have analyzed 20,000 events using the MCFast program. The events were generated
using Pythia and a simulation of the upgraded D@ detector. Each event had a Bs — J /9 K*°
decay as well as a generic B decay. The J/v decayed to u*pu~ (83% of the time) or uT =y
(17% of the time). (The radiative decays are not discussed further here.) The K** decayed
to T K.

Event reconstruction efficiency was estimated using the geometric acceptance of the
silicon vertex detector and of the fiber tracker. (Tracking inefficiencies are not yet included.)
We find that 21% of the events have all four charged tracks reconstructed.

Shown in Fig. 8.14 are the reconstructed putpu—, 77K, and p™p 7 K~ effective mass
distributions for the reconstructed tracks. The mass resolution of the B, improves by more
than a factor of two when vertex and J/1¢ mass constraints are imposed. Effective mass
resolutions are given in Table 8.15.

Resolutions of vertex position, decay length, and proper time were estimated using
the nominal silicon vertex detector and fiber tracker resolutions. Shown in Fig. 8.15 are
distributions of the fitted minus measured decay length of the B;, the fitted minus measured
proper decay time of the B, and the ratio of the decay length to the error in the decay
length (L/or). We summarize the resolutions in vertex positions, decay length and proper
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Quantity Level o (MeV/c?)
M(Bs)  Reconstruction 37
M (By) J/v mass fit 15
M (u* ) Reconstruction 29

Table 8.15: Mass Resolutions
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Figure 8.15: Distributions of: (a) the reconstructed By decay length minus the
generated B decay length; (b) the reconstructed Bs proper time minus the gen-
erated B proper time; and (c) the reconstructed By decay length divided by its
error.

time in Table 8.16.

In order to get a realistic estimate of the number of events which would be available
for analysis, additional cuts were placed on the sample. The muons were required to have
pr > 1.5 GeV/c and to have |n| < 2. A total of 24% of the reconstructed events satisfied
these cuts. Combined with the reconstruction efficiency of 21%, we are left with a sample
of 5.0% of the generated events for further analysis.

For most purposes, additional cuts will be required to obtain a sample of events with
a good signal-to-noise ratio. To estimate the sample size after such cuts, we impose a cut
on the variable L/oy,. Of the 5.0% of the events satisfying all the previous cuts, 83% have
L/or > 2.0, 73% have L/or, > 3.0, and 63% have L/op, > 4.0. The required cut value will
not be known until the data is in hand, but we use the L/oy, > 3.0 cut for further estimates.
Hence the overall combined efficiency which we use below is (.050)*0.73=0.036.

In order to do mixing studies, it is necessary to tag the flavor of the B (or By). This
can be tagged if we identify the sign of the charged kaon in the K*. Although DO does

Quantity o
Production vertex (x,y, and z) (um) 34, 34, 80
Decay vertex (x,y, and z) (um) 50, 50, 140
By decay length (um) 140
Proper time (ps) 0.40

Table 8.16: Resolutions
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not have particle identification in the traditional sense, it is possible in this event sample to
determine whether the positive or negative particle from the K* decay is the charged kaon
by calculating the effective mass under the two assumptions (K7~ and K 7") and taking
as correct that combination which gives an effective mass closest to the nominal K* mass
(0.890 GeV/c?). We find that we are correct using this assignment 67% of the time. Flavor
tagging of the other b quark will have the efficiency and dilution summarized previously in
Table 6.3.

Using estimates of the bb production cross section (158 ub); the fraction of this cross
section producing By (0.167); the B; — J/9K** branching ratio (5.1 x 10%); the J/¢ —
pt = branching ratio (0.06); the luminosity (2 fb~!); and the overall combined efficiency
from above (.036), we obtain a signal of 1000 events. We would expect a similar sample
will be obtained using the J/1 — ete™ mode.

8.6.3 Measurement of B, Mixing in BTeV {

In this section, the x; reach of BTeV will be demonstrated using B; — DS_’]T+ and B; —
J/¢pK*°. This study was carried out in several steps, the first step being a simulation of the
BTeV detector response to signal events. The output of this step was treated as real data
and passed through a physics analysis program to determine the yield, the time resolution
and the signal-to-background ratio in each mode. This information was then passed to a
separate program which computed the x; reach; this program is discussed in section 8.6.3.2.
A separate background study was performed.

8.6.3.1 Yields, Resolutions and Signal-to-Background Ratios

The mode for which BTeV has the most sensitivity to = is Bs — D, ", where the D
decays either by D, — ¢, ¢ - KTK, or by D, — K*K~| K** - K*n~. Both of
these Dy modes have narrow intermediate states and characteristic angular distributions,
both of which can be used to improve the signal-to-background ratio.

For this study, Monte Carlo events were generated using Pythia and QQ and the detector
response was simulated using BTeVGeant. The simulated events were analyzed as real data.
For the D; — ¢ decay mode the following cuts were used:

e All tracks were required to have at least 3 hits in the silicon pixel detector.

e Each of the tracks in the B, candidate were required to have an impact parameter
with respect to the primary vertex of > 3o.

e To reduce the background due to tracks that really come from other interactions it
was required that all 4 tracks have an impact parameter with respect to the primary
vertex of less than 0.2 cm.

T Author: R. Kutschke.
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o At least one of the kaons from the ¢ decay was required to be strongly identified
as a kaon by the RICH detector. The second kaon was only required to be loosely
identified. No particle ID requirements were placed on the pion candidates.

e The ¢ and Dy candidates were required to be within £2.50 of their nominal masses.

e It was required that the distance between the primary vertex and D, decay vertex be
L < 8.0 cm and the Dy decay vertex have a decay length significance of L/or(Ds) >
10.0.

e It was required that the B have decay length significance of L/oy,(Bs) > 4.0.

e The B, candidate was required to point back to the primary vertex: the transverse
momentum of the B, with respect to its line of flight from the primary vertex was
required to be less than 1.0 GeV/c and the impact parameter of the By with respect
to the primary vertex was required to be less than 3o.

The combined geometric acceptance and reconstruction efficiency was found to be 2.7%.
Of the events that passed these analysis cuts, 74% passed the level 1 trigger. For the
D, — K*K mode we used the same cuts except that both kaons from the D decay were
required to be identified in the RICH. There was also a broader cut on the intermediate K*
mass. The combined reconstruction efficiency and geometric acceptance for the Dy — K*K
mode was found to be 2.3%, and the level 1 trigger efficiency for the events passing the
analysis cuts was 74%. For both modes the resolution on the mass of the B was found to
be 18 MeV/c? and the mean resolution on the proper decay time was found to be 43 fs.
The nominal acceptance of the BTeV level 2 trigger for the accepted events is 90% of the
events which remain after the level 1 trigger. The nominal flavor tagging power of BTeV
was estimated in chapter 5 to be eD? = 0.1 which arises from € = 0.70 and D = 0.37.

It is believed that the dominant source of backgrounds will be events of the form
Xp = Dy X, where X;, may be any b flavored hadron. The background combinations arise
when a true D combination is combined with some other track in the event. An MC-
Fast based study of 1 million B — D, X events was performed using an older version of
the detector geometry, the one used for the BTeV Preliminary Technical Design Report
(PTDR) [91]. Comparisons between BTeVGeant and MCFast, and comparisons between
the old and new detector geometries, show that these background studies remain valid.
When the 1 million B — Dy X events were passed through MCFast and analyzed as real
data, 8 entries remained in a mass window 6 times larger than the mass window used to
select signal B candidates. From this it is estimated that the signal-to-background ratio in
this channel is 8.4:1. This study was performed without the proper treatment of multiple
interactions in one beam crossing. To account for this, the signal-to-background ratio used
in the estimate of the x, reach is 3:1.

The background from direct charm production has not yet been investigated. While
direct charm production has a cross-section about 10 times higher than that for production
of charm via B decay, it is triggered much less efficiently. Moreover the the requirement of
two, distinct detached vertices greatly reduces the background from direct charm. In the
end it is expected that the background from B — D X will dominate.
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Quantity Value Yield
(Events/year)

Luminosity: 2 x 10%? em™2s7!

One Year: 107 s

o 100 pb

B(Bs — D77t 3.0x 1073

B(D; — ¢7m7) 0.030

B(D; — K*K"™) 0.036

B(¢p - KTK™) 0.49

B(K* — Ktr7) 0.67

B(b — By) 0.13 6,210,000

e(Geometry + cuts: ¢m~)  0.027

¢(Geometry + cuts: K*°K~) 0.023

e(Trigger) Level 1 0.74

€(Trigger) Level 2 0.90

€(Tag) 0.70 72,000

Tagging Dilution 0.37

S/B 3:1

o(Proper Decay time) 43 fs

Table 8.17: Projected yield for By — D, 7t in one year of BTeV running. The
numbers in the third column give the expected yield when all of the factors down
to and including that line have been considered. The branching fraction B(Bs; —
D7) was estimated to be the same as B(By — D~ n™).

Table 8.17 gives a summary of the preceding results and discusses a list of all assumptions
which went into the computation of the yield. The value for B(b — By) is obtained from
Reference [92]. In one year it is expected that 72,000 events will trigger, survive all analysis
cuts and have their birth flavor tagged.

Another mode with good z, sensitivity is B; — J/WK*0, J/¢p — ptp~, K0 — K—n™.
Although this mode is Cabibbo suppressed, other factors are in its favor: the final state
consists of a single detached vertex and the state is triggerable with several independent
strategies, including impact parameter triggers, secondary vertex triggers and dimuon trig-
gers [93]. While this mode does not have the z, reach of Dy 7" it does cover much of the
expected range and it provides a powerful check with partly independent systematics.

For reasons of time limitations, the simulation of the .J/4K*® mode used MCFast, not
BTeVGeant. The analysis of this mode proceeded as follows. To be considered as part
of a signal candidate, a track was required to have at least 20 total hits and at least 4
pixel hits. The only further requirement placed on 7% candidates was that they have a
momentum greater than 0.5 GeV/c. In order to be considered a muon candidate, a track
was required to have a momentum p > 5 GeV /¢, to penetrate the hadron filter and to leave
hits in the most downstream muon chambers. Kaon candidates were required to satisfy a
simplified model of the RICH system: the track was required to have a momentum in the
range 3 < p < 70 GeV/c and was required to have hits in the tracking station downstream
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of the RICH mirror. True kaons which satisfied this criteria were identified as kaons with
an efficiency of 90%; other hadrons which satisfied this criteria were (mis)identified as kaons
3% of the time.

A ptp K 7t combination was accepted as a By candidate if the confidence level of
fitting all four tracks to a single vertex was greater than 0.005. It was also required that the
resonant substructure requirements be satisfied. Combinations were considered for further
analysis provided the decay length of the Bs candidate, L, satisfied L/op > 10 and the
impact parameter of the B candidate with the primary vertex, d, satisfied d < 304. Each
of the four B; granddaughters were required to have an impact parameter with the primary
vertex, d, of d > 204. Candidates with poor time resolution were rejected by demanding
o < 0.09 ps. Also the mass of the J/1¢ was constrained to its PDG value. The above
procedure found that the efficiency for the 4 tracks to be within the fiducial volume of the
tracking system was 14.2 + 0.3 % and the efficiency for the remaining candidates to pass
the analysis cuts was 0.29 £ 0.01. The resolution on the mass of the Bs; was found to be
8.6 = 0.3 MeV/c? and the mean resolution on the proper decay time was found to to be
36 fs.

The BTeV Level 1 trigger simulation was run on the J/4%K*° sample and, of the candi-
dates which passed all analysis cuts, 68 +2 % also passed the trigger; the error is statistical
only. However, this mode can also be triggered by the dimuon trigger. Section 8.3, of the
BTeV proposal [94], which describes the algorithms and performance of the muon trigger,
estimates a trigger efficiency of 50% for this decay mode. There is, as yet, no calculation of
the total Level 1 trigger efficiency which takes into account the correlations between the two
triggers. For this proposal it will be estimated that the combined Level 1 trigger efficiency
is 85%. As for the D7 final state, the Level 2 trigger is expected to have an efficiency of
about 90%.

By far the dominant background is expected to come from decays of the form X, —
J/pX, J/p — ptu~, where X, is any b flavored hadron. An MCFast based simulation of
500,000 such decays was performed and the signal-to-background level was estimated to be
about 2:1. Some sources of background that one might, at first, think to be important turn
out not to be a problem. First, the more copious By — J/1 ¢ final state is not a significant
source of background because of the excellent particle ID provided by the RICH system.
Second, the mass resolution is sufficient to separate the decay By — J/¢K*°.

Finally, the expected yield can be increased by at least 50% by using the decay mode
J/1 — ete . This mode will have an efficiency for secondary vertex triggers which is
comparable to that for J/9 — p™pu~ but the acceptance of the ECAL is smaller than that
of the muon detectors. The smaller acceptance of the ECAL is somewhat offset by also
using the RICH for electron identification.

The information reported here is summarized in Table 8.18 and is used in the mini-

Monte Carlo described in the next section. The estimate for B(Bs; — J/ Y K*Y) is obtained
from Reference [93] and that for B(b — B;) is obtained from Reference [92].
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Quantity Value Yield
(Events/year)

Luminosity: 2 x 10%? em 257!

One Year: 107 s

o5 100 pb

B(Bs — J/¢ypK*0): 8.5 x 107°

B(J/¢ — ptp): 0.061

B(K*® — K—nt): 0.667

B(b — By) 0.13 180000

¢(Geometric) 0.142

e(Analysis cuts) 0.26 6600

e(Trigger) Level 1 Tracking only 0.60

e(Trigger) Level 1 Total 0.85

e(Trigger) Level 2 0.90 5100

¢(Tag) 0.70 3600

Include J/¢ — eTe™ 1.5 5300

Tagging Dilution 0.37

S/B 2:1

o(Proper Decay time) 36 fs

Table 8.18: Projected yield for By — J/#K*° in one year of BTeV running. The
numbers in the third column give the expected yield when all of the factors down
to and including that line have been considered. The trigger efficiency is quoted as
a fraction of those events which pass the analysis cuts.

8.6.3.2 Computation of the s Reach

The final step in the study was to use a mini-Monte Carlo to study the zs reach of BTeV.
This mini-Monte Carlo generates two lifetime distributions, one for mixed events and one
for unmixed events, smears the distributions and then extracts a measured value of z;
from a simultaneous fit of the two distributions. The time smearing is a Gaussian of fixed
width, using the mean time resolutions determined above. The model includes the effects of
mistagging, background under the signal, and the minimum time cut which is implied by the
L/oy, cut. It is assumed that the lifetime distribution of the background is an exponential
with the same mean lifetime as that of the B;.

Figures 8.16 a) and b) show the proper time distributions which result from one run of
the mini-Monte Carlo for a generated value of x5 = 40. The simulation is for the decay mode
By — D7t for one month of BTeV running. Part a) shows the proper time distribution
for unmixed decays while part b) shows the distribution for mixed decays. Part c) of the
figure shows, as a function of zg, the value of the unbinned negative log likelihood function
computed from the simulated events. A clear minimum near the generated value of x; is
observed and the likelihood function determines the fitted value to be s = 39.96 + 0.08.
A step of 0.5 in the negative log likelihood function determines the 1 ¢ error bounds and a
line is drawn across the figure at the level of the 5 ¢ error bound.
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Simulation of Xs=40 with 43 fs Smearing
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Figure 8.16: Mini Monte Carlo proper lifetime plots of a) unmixed and b) mixed
decays for a generated value of x; = 40. The plots simulate the results of the
Bs — D 7" channel after one month of running. The oscillations are prominent.
Part c) shows the negative log likelihood function which was obtained from the
entries in parts a) and b). A prominent minimum is seen at the generated value of
zs. The dashed line marks the level above the minimum which corresponds to 5 o
significance.

This figure nicely illustrates the distinction between two quantities which are often
confused, the significance of the result and the error on zs. The significance of the signal
is determined by how far the depth of the global minimum falls below that of the next
most significant minimum. The error on z; is determined by the curvature of the likelihood
function at the global minimum. While these quantities are clearly related, they are distinct;
in particular, the significance of the signal is not the relative error on z;.

The error returned by the fit was checked in two ways. First, an ensemble of mini-
Monte Carlo experiments was performed and the errors were found to correctly describe the
dispersion of the measured values about the generated ones. Second, the errors returned by
the fit were found to be approximately equal to the Cramer-Rao minimum variance bound.

The mini-Monte Carlo was also used to study the level of statistics below which the
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Figure 8.17: The same likelihood function as in part c) of the previous figure but
obtained using the integral method described in the text. The overall shape is the
same but the statistical fluctuations have been removed. There is also an overall
level shift which is related to the goodness of fit in the previous figure.

experiment is unable to measure x;. As the number of events in a trial is reduced, the
negative log likelihood function becomes more and more ragged and the secondary minima
become more pronounced. Eventually there are secondary minima which reach depths
within 12.5 units of negative log likelihood ( 5 o ) of the global minimum. When this
happens in a sufficiently large fraction of the trials, one must conclude that only a lower
limit on z, can be established. In the region of the parameter space which was explored,
the absolute error on z, was approximately 0.1 when this limit was reached. This was
independent of the generated value of z,; that is, the discovery measurement of z; will have
errors of something like 0.1, even if z, is large, say 40.

It is awkward to map out the x; reach of the apparatus by running a large ensemble
of mini-Monte Carlo jobs; instead the following automated procedure was used. Following
ideas from McDonald [95], the sum over events in the likelihood function was replaced with
an integral over the parent distribution. Because the parent distribution does not have any
statistical fluctuations, the fluctuations in the likelihood function are removed, leaving only
the core information. An example of such a likelihood function is shown in Fig. 8.17.

A likelihood function computed in this way has the property that it scales linearly with
the number of events being simulated. This can be stated formally as follows. Let x¢ denote
the generated value of =, and let L£(x;z9, N) denote the value of the likelihood function,
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evaluated at z, for a sample which has a true value of zy and which contains N events.
Then,

L(z;x0, N) = N L(x;20,1). (8.192)

Now, one can define the significance of the minimum, n, as,
n? = 2.0 N [L(o0; 29, 1) — L(x0;x0,1)]. (8.193)

For practical purposes co was chosen to be 160. If one did not have to worry about the
missing statistical fluctuations it would be normal to define a significant signal as 5o, or
n? = 25. Instead, sufficient significance was defined as n? = 31.25, by adding a somewhat
arbitrary safety margin; this allows for the usual 5 o plus a downwards fluctuation of up to
2.5 0 anywhere else in the plot. Equation 8.193 was solved for IV, which was then converted
into the running time required to collect N events. This procedure was repeated for many
different values of xy to obtain Fig. 8.18. The solid line shows, for the D77 mode, the
number of years needed to obtain a measurement with a significance of 5o plus the safety
margin. The safety margin reduces the z; reach at 3 years by only 3 or 4 units of x;. For
small values of zg, the effect of the safety margin is not visible. The dashed line shows the
same information but for the J/¢K*® mode; for this mode the effect of the safety margin
is similarly small.

Inspection of Fig. 8.18 shows that, using the D, 7™ mode, BTeV is capable of observing

all z¢ less than 75 in one year of running, which is equivalent to an integrated luminosity
of 2 fb~1.

8.6.4 Summary of Projections for Mixing

The Standard Model expectation for Bs mixing is 22 < z, < 31 [87]. All three experiments
CDF, DO and BTeV have shown that they will be able to reconstruct a substantial amount
of B decays which will allow for mixing studies.

With 2 fb~! CDF and BTeV safely cover the range for mixing as predicted by the
Standard Model. The CDF sensitivity for a 5 standard deviation observation reaches from
xs values of 59 to 74 depending on the event yields and the signal-to-background ratios.
BTeV’s sensitivity comfortably covers zs values of 75 with even some conservative safety
margins included. Due to the large event yields CDF will be able to observe B; mixing
within the first few month of data taking provided that the displaced track trigger and the
silicon detector work as advertised.

Once the oscillations are observed the statistical uncertainty on zs will be small and
in conjunction with an accurate B? mixing measurement it will constitute a stringent con-
straint on the unitarity triangle.
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Figure 8.18: The z, reach of the BTeV detector. The curves indicate the number
of years of running which are required to make a measurement of = with a statistical
significance of 5 o; a safety margin, discussed in the text, has been included in the
definition of 5. The curves are for the two different decay modes indicated on the
figure.
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8.7 Projections for AT’

8.7.1 B, Lifetime Difference in CDF f

The promise of large B, samples in Run IT puts in reach the measurement of the width
difference between the two weak eigenstates of this meson. With its analysis of semileptonic
decays in Run I, CDF has already published a limit of AT';/T’s < 0.85 at 95% confidence
level [96]. This limit was established by fitting the lifetime distribution of the £Dy events
with two exponentials.

In Run II, however, it becomes possible to measure the lifetime of samples in which
the weak eigenstates are separated: for instance, 2 fb~! of data yield approximately 4000
By — J/v ¢ events, which is expected to be dominated by the shorter-lived eigenstate, B,
and for which an angular analysis is used to separate the two components [98]. Further it
is expected to yield roughly 75,000 of flavor-specific Bs; — Dsm and By — Dgrmrdecays,
which are well-defined mixtures of B and BE.

fAuthors: Ch. Paus, J. Tseng
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It is straightforward to show that computing the difference between two lifetimes has
more statistical power than fitting for two exponentials or fitting for Al'y in By mixing in
flavor-specific samples. The leading term in taking the difference between two measured
lifetimes is Al's. On the other hand, the lifetime distribution in a flavor-specific sample is

T T AT't\?
Ft) =Ty [e—rm 4 Tut] — pyy e Tt [e—AFt/2 n e+AFt/2] e Tt [1 n (_) n } ,

2
(8.194)
where AT enters as a second-order effect.

The By decay to D} D, is another valuable source of information to determine the
lifetime difference of the B; meson. First of all D} Dy is a pure C'P even eigenstate and thus
its lifetime is a clean measurement of the C'P even lifetime. In addition its branching fraction
directly measures AI'/T" under certain theoretical assumptions [99]. The complication in
this particular decay mode comes from the associated production of D**.

8.7.1.1 Lifetime Difference Measurements

B, — J/v¥ ¢ The decay mode B; — J/1 ¢ has been analyzed at CDF in two Run I
analyses, examining its lifetime [106] and angular distributions [98] separately. The basic
strategy for Run II is to combine these two analyses into a maximum likelihood fit of the
proper decay time, and transversity angle of each candidate. In addition to account properly
for the background the invariant mass distribution will be simultaneously fitted.

The transversity angle,dr, is defined by the angle between the u™ and the z axis in the
rest frame of the J/v decay, where the z axis is orthogonal to the plane defined by the ¢ and
the KT directions. This angle allows to distinguish C'P even and C'P odd components: the
probability density function for the C'P even component is %(1 + cos? 07) and for the CP
odd component is %sin2 Or. The amplitude of the CP even component sums the squares
of the unpolarized and linearly polarized state amplitudes, |Ag|? + |AH|2, of the ¢ in the
J/9 rest frame, and the CP odd component the square of the transversely polarized state
amplitude, |A ] |?, of the same. The analysis depends upon the weak eigenstates being also
CP eigenstates which is a good approximation for the B; — J/v¢ ¢ decays.

A toy Monte Carlo study was performed to estimate the uncertainty in AT's with 4000
Bs — J /1 ¢ decays. The background shapes in mass and proper decay time and the relative
fraction of the signal to the background were assumed to be identical to that in the Run I
lifetime analysis. The mass resolution was assumed to be the same as in Run I, and all the
lifetime distributions were convoluted with the 18 pm resolution projected for Run II. The
background was assumed to have a flat transversity angle distribution.

The error on AT's/T's depends on the C'P admixture of the final state. The decay
Bs — J/1 ¢ is dominated by C'P even eigenstates. Therefore the smaller the admixture of
CP odd component the larger the sensitivity. Assuming the C'P composition as measured
in Run I [98] corresponding to a C'P even fraction of 0.77 £ 0.19 the expected uncertainty
on AT';/Ts is 0.05. This uncertainty varies between 0.08 and 0.035 for C'P even fractions
of 0.5 and 1.0, respectively.
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B; — Dg*)"'Dg*)_ The decay modes Bs; — Dg*)+D£*)_are also promising for lifetime
difference studies, though with smaller sample sizes. These decays are expected to be present
among the two-track trigger data. The decay B; — D} D, , in particular, is purely C'P even,
and requires no angular analysis. Its companion decays, involving D decays, are expected
in the heavy quark limit, and in the absence of C'P violation, to be sensitive to C' P-even
Bs states as well [101]. While these decays are attractive in that they significantly increase
the sample size over that of B; — D D; alone, their identification is a challenge, since the
missing photons from the decay Dt — D}~y and DT — D} 7" considerably broaden the
D} D, invariant mass distribution. On the other hand, the missing mass introduces only
about 3% to the proper lifetime resolution.

In a full GEANT based simulation and reconstruction of B, — Dg*H—Dg*)_ in the CDF
detector it is found that the three different cases are separated quite cleanly by using the
invariant mass spectrum of the charged decay products. Shifts in the invariant B, mass
are due to the neutral particles which are not reconstructed. PYTHIA has been used to
generate bb quarks and fragment them to b hadrons. The B, mesons are decayed using the
CLEOMC program according to the branching ratios given in Table 8.8.

In Figure 8.19 the invariant mass spectra of the three different cases are depicted. The
spectra are essentially free of combinatoric background since the reconstructions of the
resonances at each step allow stringent cuts. For this picture the D; is always decayed into
K*'K which has more combinatorics than the ¢m decay mode due to the large width of
the K*0.

To estimate the error on the AI'y/T's from this channel several assumptions have to be
made since this mode has not been reconstructed in Run I.

In the most conservative estimate only B; — DDy is used which is a clean C'P even
state. GEANT based Monte Carlo studies indicate that a signal to background fractions
of 1:1 - 1:2 are achievable. This is similar to signal to background fraction achieved for the
decay mode By — v£Dg, measured in Run I. The expected error on the lifetime is 0.044 ps
is obtained using an event sample of 2.5k events and a signal to background fraction of
1:1.5. This converts into an error on AT';/T's of 0.06.

Assuming that also the other two decay modes involving D} mesons are clean C'P even
modes a total of 13k events are available. The estimated error on AI'5/T's is then reduced
to 0.025.

8.7.1.2 Related Branching Fractions

The decay modes B, — Dg*)+Dg*)_ are also interesting because it is expected that they
are the largest contribution to the actual difference between the heavy and light widths.
Indeed, the other decay modes are estimated to contribute less than 0.01 to the projected
~ 0.15 value of AT';/T's [102]. The branching fraction to this final state is in the small
velocity (SV) limit related to AI's by

B(BI — DW+DH—) = __AL (8.195)

’ o1+ 52)
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Figure 8.19: D}, D invariant mass spectra for the three decay modes By —
DD (solid), B; — DD, (large dashes) and By — D’ plr (small dashes). The
D, is always decayed into K*°K. The shaded background is the sum of the three
decay modes.

This method has been exploited by ALEPH, using ¢¢ correlations, to obtain a value of
AT /Ty = 0.2510-21 [103]. However the small velocity assumption also referred to a Shifman-
Voloshin limit may be very approximative.

The following estimates are made assuming the validity of this limit. Further when
measuring branching fractions many systematic effects have to be considered. For example
the tracking efficiency for the kinematics of the particular decays has to be determined
carefully. Since it is difficult if not impossible to predict those effects only the statistical
uncertainties are discussed below.

The statistical error on the branching fraction for 13k events (see Table 8.10) with a
signal to background ratio of 1:1 is 0.012. Following Equation 8.195 the turns out to be also
the statistic uncertainty on AI's/I'; since the branching ratio is very small. This uncertainty
deteriorates to 0.015 when making the signal to background ratio 1:2.
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8.7.1.3 Combined CDF Projection

With the analysis possibilities discussed thus far, the lifetime difference method conserva-
tively yields a statistical uncertainty of 0.04 on AI's/T's, utilizing both J/+ ¢ and DDy
decays and just using the lifetime measurements.

If one assumes that the decay modes involving D} are also mostly C'P even the sample
for the lifetime measurement is extended and the branching ratios can be used in the SV
limit. This decreases the statistical uncertainty on Al's/T's to 0.01.

These numbers refer to the projected Run IT luminosity of 2 fb~! and bear all the caveats
mentioned in the text.

8.7.2 Estimate of Sensitivity on AT in BTeV 1

Since AT'p,is expected to be much larger than AT go, only projections for measurements
of AT'p, have been studied at BTeV for this report. The B? decay modes studied include
C P-even, C' P-mixed and flavor specific decay modes and are listed in Table 8.19. The total
decay rate for the flavor specific decay B? — D n*t is given by the average of the C'P-even
and C'P-odd rates. The decays BY — J/4m, J/vyn' should be C'P-even while the decay to
J/1¢ ¢ is predominantly C P-even.

Bg Decay Mode CP Mode Branching Ratio BR Used

T/ ¢ Mostly CP-even (9.3 £3.3) x 10~* 8.9 x 10~*
J/¢m C P-even < 0.0038 3.3x10~*
J/ypn' C P-even < 0.0038 6.7 x 10~*
D;rt Flavor specific <0.13 3.0x 1073

Table 8.19: The B? decay modes studied for Al'g, sensitivity studies at BTeV.

CDF has measured the C P-odd fraction of total rate for J/v ¢ to be 0.22940.188(stat) £
0.038(syst) [104]. The all charged mode decay B? — K™K~ has a large enough expected
branching fraction (~ 1 x 1075) and reconstruction efficiency to get high statistics. However
although the K™K~ final state is C P-even, the decay can proceed via both a C'P conserving
Penguin contribution as well as a C'P violating Tree level contribution. Unless the Penguin
contribution is completely dominant or the Penguin and Tree level contributions can be
exactly calculated it would be difficult to use this mode without significant theoretical
errors.

8.7.2.1 Signal yields and backgrounds

Estimation of the signal yields and signal/background ratios were determined using a MC-
FAST simulation for the BY decay mode to J/1 ¢, while all the other modes were simulated
using a Geant simulation of BTeV. Although it is easy to simulate the signal to determine

fAuthor: H-W.K. Cheung.
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Figure 8.20: (a) The u*p~ invariant mass and (b) the K*K ™~ invariant mass
for abb — J/¢ $X background sample (open histogram) and for an appropriately
normalized B? — J/v ¢ signal sample (filled histogram).

the reconstruction efficiency, the background simulation can be more troublesome. The
signal sample always has an average of two embedded min-bias events. Since it takes too
much time to generate enough background one has to determine which backgrounds are
dominant for a particular decay.

The decay BY — J/v¢ ¢ was studied through the decay channels J/¢p — p*p~ and
¢ — KTK~. Studies show that since the J/1 — pu~ is expected to be so clean, the
dominant backgrounds come from bb — J/#X. For this study only backgrounds from
bb — J/1 ¢X have been studied. Figure 8.20(a) shows the pu*u~ invariant mass for a
bb— J /1 $X background sample compared to an appropriately normalized signal sample
of BY — J/1 ¢. The two muons were required to form a vertex with a confidence level of
greater than 1%. Figure 8.20(b) shows a similar comparison for the K™K~ invariant mass,
again with a vertex requirement of CL > 1%.

Figure 8.21(a) shows the utp~ K+ K~ invariant mass for the bb — J/1 ¢.X background
sample without requiring that the y*p~ and K+ K~ masses are consistent with the .J/ and
¢ masses respectively. The four tracks are required to form a single vertex with a confidence
level greater than 1%. This is compared in the plot to an appropriately normalized signal
sample. Figure 8.21(b) shows the J/1 ¢ invariant mass plot with vertexing and requirements
on the T~ and K™K~ masses. The p™pu~ and KK~ masses are required to be within
+20 of the true J/1 and ¢ masses respectively. Both signal and backgrounds are included
in the plot and compared to the signal only sample. The signal/background ratio is seen
to increase when one applies a primary-to-secondary vertex detachment requirement of
L/or, > 15 in Figure 8.21(c). Where L is the 3-dimensional distance between the primary
vertex and the B? decay vertex and oy, is the error on L calculated for each candidate BY
decay. For L/oy, > 15 the reconstruction efficiency is 6.0%, and the signal /background ratio
is 47/1 with an error of 32% for the backgrounds considered.

Table 8.20 shows projections for the BY — .J/1 ¢ signal yields for 2 fb=!. A total bb
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Figure 8.21: (a) The 'y~ K+ K~ invariant mass for a bb — J/¢ ¢X background
sample (open histogram) and for a correctly normalized B? — J/v ¢ signal sample
(filled histogram). (b) J/v ¢ invariant mass for the background plus signal sample
(open histogram) compared to just the signal sample (filled histogram). (c) J/¢ ¢
mass for L/op > 15.

production cross-section of 100 b is assumed and we take the fraction of BY/B? per bb from
Pythia as 1 in 4.3. The branching fraction of BY — J/1 ¢ is taken to be equal to BR(BY —
J/PK®) =8.9x 107 A total of ~41400 signal events is expected for 2 fb~!. The expected
error on the lifetime for 2 fb~! was determined with a toy Monte Carlo generating 1000
experiments with 41400 signal events and S/B=47. The background lifetime distribution
was simulated with a short and a long lifetime component as seen in the background studies
and is typical of backgrounds seen in fixed target experiments. In the toy MC the short and
long components were set to be 0.33 and 1.33 ps respectively. A binned likelihood fit was
used to extract the measured lifetime for each of the 1000 experiments, where the lifetime
distribution from sidebands is used as a measure of the lifetime distribution in the signal
B? mass region. The method is described in Reference [105]. The expected error is taken
to be the r.m.s. of the 1000 measured lifetimes and is 0.50%.

Quantity Value
Number of bb 2 x 101
Number of BY/BY 4.7 x 100
BY — J/ ¢ BY - Dyt

J/Yp = ptpy D — ¢n~ D, — KK~
KK~ ¢ - KK~ K*0 » Ktn~

# of Events 1.2 x 105 2.5 x 10° 3.1 x 10°
Reconstruction efficiency (%) 6.0 2.7 2.3
S/B 47:1 3:1

L1 Trigger efficiency (%) 70 74

L2 Trigger efficiency (%) 90 90

# of reconstructed decays 41400 91700

Table 8.20: Projections for yields of B? decays for 2 fb~! assuming a total bb
production cross-section of 100 ub.

Although the J/1 ¢ signal sample can be obtained through the J/¢ — pu*p~ trigger,
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Figure 8.22: (a) Proper time distribution for reconstructed BY — J/v ¢; (b)
Reduced proper time distribution for the same decays, the line is an exponential fit.

the effect of the Level 1 vertex trigger on this mode was studied to determine the effect of
the L1 trigger on the lifetime analysis. Figure 8.22(a) shows the proper time (¢t = L/f3vyc)
distribution for reconstructed B? — J/1 ¢ signal events for a L/o; > 15 requirement.
The loss of short lifetime decays is due to the detachment requirement. One can obtain
an exponential distribution if we use the reduced proper time, t' = t — Nop/Bvc, for a
L/or > N requirement. This starts the clock at the minimum required decay time for
each decay candidate and works because the lifetime follows an exponential distribution
irrespective of the when the clock is started. Figure 8.22(b) shows the reduced proper time
distribution and an exponential fit gives a lifetime of 1.536 £ 0.014 ps, compared to the
generated lifetime of 1.551 ps.

Figure 8.23(a) shows the reduced proper time after applying the Level 1 vertex trigger.
Short lifetime decays are again lost because the impact parameter requirements of the
Level 1 trigger effectively gives a larger minimum required decay time than No/Byc. The
lifetime acceptance function is just the observed reduced proper distribution divided by a
pure exponential with the generated lifetime and is given in Figure 8.23(b). In order to
extract the correct lifetime from the observed reduced proper time distribution one needs
the correct lifetime acceptance function. This is obtained from Monte Carlo and can be
checked by using decays modes like J/1 ¢ that can be obtained with the L1 vertex trigger
and separately through the L1 J/1¢ — p*p~ dimuon trigger which has no vertexing selection
criteria. The L1 trigger lifetime acceptance correction obtained from MC can also be checked
by taking samples of prescaled triggers that do not have the L1 trigger requirement.

Note that since the L1 trigger can increase the effective minimum required decay time
cut, if one puts on a large impact parameter selection requirement on the B decay daughters,
it may be possible to redefine the reduced proper time to take this into account and thereby
reduce the lifetime acceptance corrections with some lost of statistics. This still needs to
be studied and the details of the L1 trigger may change since one may be able to redesign
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Figure 8.23: (a) Reduced proper time distribution for reconstructed B — J/v ¢
decays that pass the Level 1 vertex trigger; (b) Lifetime correction function, ob-
tained by dividing the distribution in (a) by a pure exponential distribution with
the generated BY lifetime.

it to reduced the lifetime acceptance correction.

When an acceptance correction like that given in Figure 8.23(b) is simulated in the
toy Monte Carlo, the expected error on the measured lifetime increases to 0.58%, from the
previous value of 0.50%. For the decay mode BY — Dy 7" where the signal to background
is smaller the effect is similar, the error increases to 0.44% when adding the acceptance
correction effects compared to 0.39%.

Tables 8.21 and 8.20 show the expected signal yields and signal /background ratios for the
decays modes BY — J/ym, BY — J/¢n' and BY — D7 7t. Backgrounds from bb — J/¢pX
were studied for the decay modes BY — .J/ ¢Yn), while backgrounds from bb — D} X were
included in the BY — D, 7" analysis. Details of the analyses of these modes can be found
in Reference [94]. Expected errors on the lifetimes were determined using toy Monte Carlo
simulations as before, where acceptance corrections were also simulated for the D, 7 mode.
Table 8.22 gives the expected errors on the lifetimes for all modes.

Note that although only backgrounds from bb — .J/1 ¢X were included in the study
of BY — J/1 ¢ to obtain the value of S/B=47/1, the effect of lower values of S/B were
studied. If the S/B is decreased to 10/1 which is the expected level for BY — J/%K? [94],
the expected error on the measured lifetime only increases from 0.50% to 0.51% for 2 fb~!
(For a much lower S/B=3/1 the expected error would be 0.58%.)

8.7.2.2 Results for AT'/T'p, Sensitivity

With just two lifetime measurements, like 7opy and 7¢p—, which are defined as 7opy =
1/T(B") and 7¢p_ = 1/T(B%%), one can determine the error on AT'¢p/T from the errors
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Quantity Value
Number of bb 2 x 10!
Number of BY/BY 4.7 x 100

B) = J[yn Bl = J/ypnf

J/p — ptp”
n=yy 0 =p’yn s rtry

# of Events 3.5x10° 54 x10° 3.2 x 10°
Reconstruction efficiency (%) 0.71 1.2 0.60
S/B 15:1 30:1
L1 Trigger efficiency (%) 75 85
L2 Trigger efficiency (%) 90 90
# of reconstructed decays 1700 6400

Table 8.21: Projections for yields of B? decays for 2 fb~! assuming a total bb
production cross-section of 100 ub.

Decay Mode Error on Lifetime (%)
2 fb~1 10 fb~! 20 fb~!
/¢ 0.50 0.23 0.16
J/n 249 119 0.80
J /g 1.36  0.55 0.39
D;wt 0.44  0.20 0.14

Table 8.22: Projections for statistical errors on lifetimes measured in different
modes for 2, 10 and 20 fb—!.

on the two lifetimes:

2 2
UAFCP = 4: TCP+TCP7 \/<O-TOP+> + <UTOP > ) (8196)
r

(rcp+ + TcpP-)? TCP+ TCPp-—

where AT¢p = T'(B&") — T(B24) and T' = (T'(B&*") + T'(B244))/2. In the case that one
measures Topy and Trg where Tpg = 2/(T'(B") + T'(B24%)), the error on Al'cp/T is

2 2
T g (o2
Oarep =2—10 ﬂ TCP+> + <ﬁ> . (8.197)
T TCP+ TCP+ TFS
It can be seen that for small AT'¢p/T', the error is about 2 times larger when one
measures with similar errors 7c¢p and 7pg compared to measuring 7cpy and 7op_. Using

Top+ from the J/lpn(’) decay modes and 7pg from D, 7", we project an error on AT¢p /T
of 0.027 for AT¢p/T = 0.15 for 2 th~L.

Including the lifetime measurement for the decay mode to J/¢m is more complicated as
this is not an equal mixture of C' P-even and C'P-odd rates. Although a combined lifetime
and angular analysis should be done to determine the fraction of C'P-odd decay in this mode,
and the appropriate error on 7¢p, it was not done for this study. A simpler determination
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is made assuming that the fraction of C'P-odd has already been determined within some
error in a separate analysis or in some other experiment. If the lifetime for this decay mode
is defined by 7x = 1/T'x where Ty = (1 — f)['(B&*") + fT'(B%%), then

ATcp  2(Tps — Tx)
r  (1-2f)rx’

e =2 () () o (757 o (1)

Setting the value of f to the central valued measured by CDF and assuming the total
error can be improved in Run 2 by a factor of v/20, then for f = 0.229+0.043 and using the
J/ ¢ and D77 modes only, the projected error on Al'¢p/T is 0.035 for Al'cp/I' = 0.15
and 2 fb~!. Although reducing the error on f has only a small effect on the projected error
on AT'¢cp /T, the actual value of f has a huge effect, since as f approaches 0.5 we lose all
sensitivity to AT'cp when only comparing to the D7t mode. It can be seen that even
with relatively low statistics, the .J/ Yn") decay modes are just as sensitive to AT¢p.

(8.198)

Table 8.23 shows the projected errors on Al'cp/T" for different integrated luminosities
for the two different combinations of modes used. The error on f is assumed to reduced
by V'R where R is the ratio of integrated luminosities. The total projected error when all
modes are used is also shown. To determine the expected error when all modes are used,
a likelihood fit is used where f is constrained by a Gaussian probability likelihood term to
be within the 0.043 error of the central value of 0.229. Note that the projected errors have
a weak dependence on the value of AT'cp/I" used but a strong dependence on the value
of f used. It should also be noted that we are assuming that any systematic errors are
insignificant compared to the statistical errors, so that these projected statistical errors are
taken as the total error on AT'¢p/I". For the range of lifetime errors we are considering this
assumption is reasonable since the charm lifetimes can be measured to this level in fixed
target experiments with only small systematics. However the lifetime acceptance correction
in BTeV may be somewhat larger for the hadronic modes.

Decay Modes Used Error on ATl'cp/I’
2 fb~! 10 fb~! 20 fb~!

J/yn", Dyt 0.0273 0.0135 0.0081
J/p, Dyt 0.0349 0.0158 0.0082
J/ynD, T/ ¢, Dyt 0.0216 0.0095 0.0067
with ATcp/T = 0.03 0.0198 0.0088 0.0062
with f =0.13  0.0171 0.0077 0.0054
with f =0.33  0.0258 0.0112 0.0078

Table 8.23: Projections for statistical errors on AT'¢p /T’ for combining lifetimes
from different modes and for using all modes for 2, 10 and 20 fb~!. The values
ATc¢p/T = 0.15 and f = 0.229 are used for the main results and the results for
other values of Al'¢p /T and f are also shown for comparison.

The statistical error can be improved by including also the J/1 — eTe™ decay mode
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for the J/4 reconstruction. The increase in statistics is less than by a factor of 2 since
the BTeV ECAL acceptance is smaller than the muon detector and there is no dedicated
J/p — ete trigger.

It should also be noted that additional measurements of the C P-even rate and especially
of the CP-odd rate, even with low statistics, can have a very significant effect on the
AT'¢p /T sensitivity. Unfortunately the C'P-odd modes look difficult experimentally. For
example, two C'P-odd modes are BY — J/9fy(980) and BY — 0. The f5(980) is
relatively broad compared to the ¢° and decays to 7w or KK and thus will have large
backgrounds. The x.o has small branching fractions, and the dominant decays are to non-
resonant states with pions and kaons and thus will also be background challenged. However
it will still be worthwhile looking for these C'P-odd states.

8.7.3 Summary of Projections for AT’

The most sensitive direct measurement of AI'p, will be from measuring the lifetime differ-
ences between decays to CP-specific final states, (i.e. to C'P-even, C'P-odd or C' P-mixed
modes) and flavor specific decays.

The decay modes to flavor specific final states like D, will be the most precisely mea-
sured. Other decays with larger branching fractions that can be reconstructed with high
efficiency and good signal-to-background will be to C'P-mixed final states, like J/1 ¢ and
Dg*HDg*)* involving at least one Dg*). These decays proceed through an unknown admix-
ture of C'P-even and C'P-odd amplitudes that must be determined experimentally via an
angular analysis. The error on AI'y/I'; obtained using these modes will be very sensitive
to the actual fractions of C'P-even and CP-odd, where the sensitivity is poorest for equal
mixtures of C'P-even and C'P-odd.

The decays to purely C P-even or purely C' P-odd final states are difficult experimentally,
either because the backgrounds are larger and/or the branching fractions are small (e.g. for
DDy, J/¢YKs and J/1f5(980)), or they contain difficult to reconstruct neutrals in the
final state (e.g. like in J /1/)7](’)). However it is important to try to use these decay modes
as even with small samples of events they improve the error on the Al'y/I'; measurement
significantly.

With 2 fb~! CDF should be able to determine AT's/Ts with a statistical error of 0.04
through lifetime measurements, improving to as good as 0.025 if the decay to DIt D~
proceeds through a 100% C P-even amplitude. CDF can reach a statistical error of 0.01 on
a model dependent determination of AI'y/T's using just branching ratio measurements.

With a vertex (hadronic) trigger at Level-1 and excellent particle identification and
neutral reconstruction, the BTeV experiment should be able to measure the lifetimes of the
purely CP-even or purely C'P-odd final states well enough to give a model independent
determination of AI'y/T"s with a statistical error of smaller than 0.02 with 2 fb~1! of data.
This error is further decreased as low as 0.01 if the decay to D**D*~ proceeds through
a 100% CP-even amplitude. With 20 fb~! of data a statistical error of 0.005 on AI'y/T;
should be obtainable. Systematic uncertainties are expected to be under control to a similar
level.
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8.8 Projections for Lifetimes

8.8.1 b Hadron Lifetimes at CDF T

Lifetime measurements have formed an important part of the CDF research program in b
physics since the 1992 introduction of the silicon vertex detector with its precision tracking
capabilities. This part of the research program has been very successful, producing some
of the most precise lifetime measurements with semi-inclusive data samples, but also the
most precise measurements with exclusive channels. It is expected that the combination of
the Tevatron’s large bb cross section and precise tracking capabilities will continue to reap
benefits in Run II, pushing the comparison between experiment and theoretical calculation
to more stringent levels.

A lifetime measurement consists of reconstructing the decay point of a b hadron by
tracing back its long-lived charged descendants. For instance, the decay B = e v, DTX
is reconstructed by intersecting the e~ track with the trajectory of the DT meson; this
trajectory in turn is reconstructed from its own daughters, such as in the decay D™ —
K~ntn~. The distance between the primary interaction vertex and the b decay vertex
gives the flight distance of the b hadron. In Run I, this flight distance was measured most
precisely in the plane transverse to the beam and the proper time of decay, ct, calculated
with the formula

ot = L™ (8.199)

pr

where L, is the transverse flight distance, m is the mass of the b hadron, and pr is the
momentum of the b hadron projected in the with respect to the beam direction transverse
plane. The transverse momentum is calculated by combining the measured momenta of
the charged daughter particles. Unlike the flight distance, this combination requires either
the identification and reconstruction of all the daughter particles, as in the analyses of an
exclusive hadronic channel, or a correction factor for the particles that are not reconstructed,
as in the analyses of much larger semi-inclusive samples. A third possibility, applicable in
some special circumstances, allows a constraint to be applied to the momentum of a single
particle of known mass; this technique was not applied in Run I but may become more
important in Run IT with the advent of three-dimensional silicon tracking.

As opposed to the electron—positron machines at the Y(4S) where only Bt and Bg
mesons are produced, Tevatron produces the full spectrum of b hadrons. Due to this
uniqueness in the following particular emphasize is put on lifetime measurements of BY,
Bg and Ab.

8.8.1.1 Run I Results at CDF

The Run I CDF lifetime results are summarized in Figure 8.24. They represent a combina-
tion of several analyses of different types but have one thing in common: all data samples
have been obtained by using the trigger on at least one high-momentum lepton candidate.

fAuthors: Ch. Paus, J. Tseng.
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Figure 8.24: Summary of lifetime measurements from CDF during Run I.

Three different types of analyses are performed. There are the exclusive, the semi-
exclusive and finally the inclusive analyses. While in the exclusive analyses one or more
distinct b hadron decay channels are fully reconstructed, in the semi-inclusive analyses some
neutral particle cannot be reconstructed, most typically the neutrino from the semileptonic
b hadron decay. In the inclusive analyses the secondary vertex indicates the presence of a b
hadron but no attempt is made to reconstruct the mass explicitly.

The features of the different analysis types are complementary. Exclusive analyses usu-
ally have small data samples and thus a large statistical uncertainty but the systematic
uncertainty is small. Inclusive analyses have usually very large data samples and thus small
statistical uncertainties but the systematic errors are large.

The exclusive modes measured also used the J/1 trigger sample: in Run I, these analyses
yield 436 + 27 decays of the type B® — 9(15,28)K(*)0 824 + 36 of the type BT —
$(15,28) K™+ and 58 + 12 of the mode By, — J/1) ¢. As will be detailed in the following
sections, the B lifetime thus measured is expected to mostly reflect the lifetime of the
shorter-lived weak eigenstate of the B,. A small sample of Ay, — J/9A° decays was also
reconstructed but was too small for lifetime analysis in light of the large B® — J/¢ K2
backgrounds. The systematic errors are due to background and resolution modeling and
detector alignment.

For the semi-exclusive modes the B?, B*, By, and A; hadrons are measured using their
semileptonic decays. The charm daughters D® . D, and A} are reconstructed in data.
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Since these decays contain neutrinos as well as possible unreconstructed intermediate states
such as the D**, they are subject to systematic uncertainties due to production and decay
modeling, as well as uncertainties in background and resolution and detector alignment.

An inclusive b — J/9X lifetime is also measured, where the J/¢ — putp~ is registered
on a dilepton trigger, as well as the lifetime of the B, meson through its decays to J/¢¥¢X.

The lifetime measurements have also yielded measurements of the lifetime ratio between
charged and neutral B mesons. The measurement of lifetime ratios is particularly interesting
since experimental uncertainties and theoretical uncertainties cancel out and thus allow
more sensitive tests of some aspects of the theory of heavy quarks. Combining the exclusive
and the semileptonic decay modes yields a ratio of 1.09 + 0.05 in agreement with the world
average 1.07 +0.02 and both well within the range of the theoretical prediction 1.0 — 1.1.

The lifetime ratio between Bs and BY has not yet been measured with sufficient precision
to test the prediction which is within = 1 percent of unity. The experimental value of the
lifetime ratio of the A, to the B? is of similar precision, but lies well below the current
theoretical prediction range of 0.9 — 1.0. More data is needed to clarify whether there is a
discrepancy. From the theoretical point of view baryons are more difficult to calculate and
thus the experimental data will hopefully shed some light on this area.

8.8.1.2 Run II Projections for CDF

To derive the expected lifetime uncertainties for the Run II data samples it is assumed that
the Run I measurements are statistically limited. This is certainly true for the exclusive
decay modes. For the other decay channels it is less clear although experience shows that
most systematic errors can be improved when more statistics is available. Therefore in
the following only the exclusive measurements are used to estimate the uncertainties on
the b hadron lifetime measurements achievable with the Run II data samples. This is a
conservative procedure and it is likely that CDF will do better. The increase in statistics
for the exclusive decays involving J/v — ppu~ with respect to Run I is obtained applying
simple scale factors as summarized in section 6.2.2.

Leptonic Triggers Considering the lifetime measurement capabilities of CDF in Run II,
it is useful as a first step to make a direct extrapolation from the Run I lifetime analyses
of exclusive channels. These are shown in Table 8.24, assuming 2 fb~! of J/¢ dimuon
triggers with increased muon coverage, lower muon trigger thresholds, and increased silicon
tracking cover. The projected uncertainties are only statistical, and, given Run I experience,
are likely to be comparable to the levels of systematic uncertainty. Other improvements,
not accounted for in the table, include the possibility of a di-electron trigger, which adds
approximately 50% more data, and the effect of smaller-radius silicon as well as three-
dimensional microstrip tracking, which improves S/N and hence the lifetime measurements.

It is evident from the table that already the projections of only the exclusive decay
modes as measured by CDF in Run I improves on the current world-averaged B~/B°
lifetime ratio and combined with other experiments, including the B factories, this ratio
will be very precisely known.
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Run 1 Run 2 projected
Species sample size sample size c7 error [ps]
B~ 824 40000 0.01
BY 436 20000 0.01
By 58 3000 0.03
Ay 38 2000 0.04

Table 8.24: Run II projections for the Run I exclusive lifetime measurements at
CDF corresponding to 2 fb~1.

In the case of the By, however, since the J/1 ¢ final state is mostly sensitive to one weak
eigenstate, it is useful primarily in measuring AI'y rather than the average I'y which is to
be compared with T'y. The A, — J/9A° lifetime is expected to be known within 0.04 ps
— significantly better than the current world average — but depends upon being able to
more effectively distinguish the signal from B% — J /¢Kg decays, which are topologically
very similar.

Comparable projections for B, and =, exclusive lifetime analyses cannot be made, since
their exclusive decays were not observed in Run I data.

Hadronic Triggers Beyond the J/iy — ¢T¢~ trigger samples, there are expected to be
large data samples that will be made available by the hadronic displaced-track trigger.
Although those samples will also improve on the B~ and B lifetimes most interestingly
they will improve on the B; and A lifetime measurements. Since the hadronic trigger is a
new hardware device all predictions are less certain than the predictions for decay modes
originating from the leptonic triggers.

Most branching fractions for the decay modes used below are not measured and have to
be estimated. This is particularly difficult for the A, decay modes. Errors of 50 percent for
the B, decays and 100 percent for the A decays are assumed.

Another principle difficulty in these data samples lies in the understanding of the effect
of the trigger on the lifetime distributions. The displaced vertex trigger prefers large lifetime
events and introduces a bias in the proper time distribution. In the following it is assumed
that it is possible to model the trigger bias and use all of the statistical power of the
projected yields.

For the Bs decay modes Dy and Dy there are approximately 75k events projected.
This includes the D, decay modes to ¢ and K*K only, as indicated in Table 8.10. Further
it is expected that the signal to background ratios is one, which is rather conservative. This
results in an uncertainty of the By lifetime of approximately 0.007 ps.

For the lifetime ratio of B, and B this corresponds to an error of roughly half a percent
and is thus in the same order as the theoretical prediction for the deviation from unity.

For the A, decay modes A.m(A. — pKm), pD°m(D° — K7 and D° — Krnr), pr and
pK there are approximately 24.4k events projected. Again assuming a signal to background
ratio of one, a statistical uncertainty of 0.01 ps is obtained. This is more precise than the
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expectation from the J/1#A° decay mode. A stringent test will be available for the theoretical
predictions of the lifetime ratio of A, to BY.

More inclusive strategies, using triggerable combinations of leptons and displaced tracks,
will also significantly increase the precision of the lifetime ratios of the rarer b hadrons, such
as the B, and so far by CDF not observed baryons as =, might be accessible. These strategies
have yet to be investigated in detail.

8.8.2 Lifetime measurements at DO 1

A rich spectroscopy and lifetime measurement program is planned for both beauty mesons
and baryons. We will study any species that has significant decay modes that result in at
least one lepton. One of the highlights of this program is a measurement of the A lifetime in
the exclusive decay mode A, — J/1+ A. This is particularly interesting since the measured
ratio 7(Ay)/7(Bg) = 0.78 £ 0.04 [107] is significantly different from the naive spectator
model prediction of unity. Current theoretical understanding of non-spectator processes
such as final-state quark interference and W boson exchange cannot account for such a
large deviation. Another important measurement which we will make is a measurement of
the Bj lifetime using modes such as By — J/¢¢.

Measurements of the Ag baryon lifetime have long been hampered by a dearth of statis-
tics. For this reason, the lifetime was measured in the semileptonic decay mode, where
the branching fraction is orders of magnitude higher than for any fully reconstructed
mode [108-111]. The disadvantage of the semileptonic mode is that the neutrino infor-
mation is lost. To obtain the true decay length in the absence of neutrino information, the
ratio pr(Acl)/pr(A)) (called the K factor) was obtained from a Monte Carlo calculation
and used in the lifetime fit. The limited knowledge of the value of the K factor represented
a modest contribution to the uncertainty of this measurement.

In Run IT at DO we can expect to collect 2 fb~! of pp collisions or twenty times the
statistics of Run 1. This provides the opportunity to probe the Ag lifetime in a fully
reconstructed mode: A) — J/9A", where the .J/1 meson decays into two leptons (muon or
electron) and the A° baryon decays into a proton and a pion. Using a fully reconstructed
channel avoids the introduction of the K factor and any uncertainty associated with it.

To study this mode, we generated 75 000 Ag baryon events using Pythia, simulated the
D@ Run II detector using MCFast, and forced the decay mode A) — J/4A°, followed by
J/Yp — ptp~ and A° — pr— with QQ, the CLEO Monte Carlo program. We use this
sample to predict the trigger and reconstruction acceptances and to estimate the lifetime
resolution. For the purpose of this study, we assume that electrons from J/¢ decays will
be reconstructed with a similar efficiency to that of the muons, an assumption which is
expected to be approximately true.

The DO J/4 triggeridentifies events resembling .J/1) decays. The presence of two muon
tracks, each with |n| < 2.0 and pr > 1.5 GeV/c, is sufficient for passing the J/v trigger
criteria. The trigger acceptance is found to be 16.8% for the muons in these generated

f Author: W. Taylor.
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Multiplier Events
L=10*cm 25! =103 m 25!
t=2x10"s
o5 = 158 ub x107% m?/b
b,b =2 6.32 x 10!
B(b — AY)) = 0.090 5.7 x 1010
B(A) = J/9pA%) = 4.7 x 1074 2.7 x 107
B(J/¢¥ — pp,ee) =2 x 0.06 3.2 x 106
B(A® — pmr) = 0.639 2.0 x 10°
Detector acceptance = 0.55 1.1 x 108
e(trigger) = 0.168 1.9 x 10°
e(track efficiency) = 0.95% 1.5 x 10°
e(reconstruction) = 0.096 14 850

Table 8.25: Event yield determination after 1 year or 2 fb=!.

Monte Carlo events. We introduce by hand an additional acceptance cut of 55% for the
holes in the muon detection system not modeled in MCFast.

Track quality cuts are applied to all the tracks in the events passing the trigger. The
muon tracks from the J/1 decay are required to have at least four stereo hits in the tracking
system (silicon detector and central fiber tracker combined) and at least eight hits (stereo
and axial combined) in the silicon detector. For tracks in the central region (|| < 1.7), at
least fourteen hits are required in the central fiber tracker. The transverse momentum is
required to be above 400 MeV /c.

The A° baryon daughters are required to have at least three stereo hits in the tracking
system (silicon detector and central fiber tracker combined) and a minimum of eight hits
in the central fiber tracker. The transverse momentum is required to be above 400 MeV/c.
The long lifetime of the A? baryon prevents the use of strict silicon hit requirements, as the
A° baryon often decays outside of the fiducial volume of the silicon detector.

The muons are constrained to come from a common vertex in three dimensions as are
the A? daughters. Finally, the location of the AJ decay vertex is obtained by extrapolating
the A? baryon momentum direction in three dimensions back to the .J/+ decay vertex. The
resulting vertex defines the decay length of the AJ) baryon.

The acceptance for these selection criteria is 9.6%. We introduce by hand an additional
acceptance cut of (0.95)*=0.81 for the tracking efficiency not modeled in MCFast. The
final acceptance times efficiency for the trigger and reconstruction criteria is 0.72%. We
therefore predict about 15 000 events to be reconstructed in 2 fb~!. Table 8.25 shows the
values used to obtain this prediction for the yield.

The mass distributions for the J/1 and A° particles are shown in Figures 8.25 and 8.26,
respectively. With the application of constraints on both the .J/¢) mass and the A° mass, we
predict the Ag mass resolution to be 16 MeV/c?, as indicated in Figure 8.27. The lifetime
resolution is found to be 0.11 ps (Figure 8.28).
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8.8.3 Summary of Projections for Lifetimes

The exclusive b hadron event samples involving J/v — ptp~ alone will enable CDF and
D@ during Run IT to push the precision of lifetime measurements to values close to 1 fs.
Further inclusion of other hadronic decay modes will decrease the statistical error further
below 1 fs.

In particular the lifetime measurements of B; and A, which cannot be measured by the
B factories will achieve a statistical precision of about 0.007 ps and 0.01 ps, respectively.
Those measurements determine the ratio of 7(B;)/7(B") to roughly half a percent which
allows a first test of the theoretical predictions.

Lifetimes of other interesting b hadrons like the B, will be improved significantly, and
there is a good chance to observe & for the first time and measure its lifetime.
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8.9 Conclusions

The Tevatron provides a unique testing ground for mixing and lifetime studies. For these
measurements it is superior to the B-factories, because the large boosts of the produced
hadrons and the higher statistics allow to study the decay distributions more precisely.
Moreover, studies of B; mesons and b-flavored baryons are not possible at current B-factories
running at the T (45) resonance. At Run II BY—B? mixing will be discovered and the mass
difference Amg will be determined very precisely. This measurement is of key importance
for the phenomenology of the unitarity triangle. Our knowledge of the lifetime pattern
of b-flavored hadrons will significantly improve, the yet undetected width difference ATl
between the B; mass eigenstates is within reach of Run II and the A, lifetime puzzle will
be addressed.
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